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This  program  is  concerned  with  the  development.,  characterization, 
and  ballistic  testing  of  propellants  containing  PCDE,  SYFO,  and  FF.FO. 

A  detailed  theoretical  study  was  made  of  the  effects  of  compositional 
variables  on  the  predicted  performance  of  PCDF/SYFO  and  TCDK/SYFO/ FEFO 
propellants  in  order  to  select  formulations  for  maximum  range.  The 
details  are  given  and  discussed.  An  impurity  was  found  to  be  present 
in  I' CUE  in  significant  concentration.  It  was  identified  and  two 
methods  were  devised  for  its  removal.  The  hazard  characteristics  ui  tie 
ingredients  were  determined  alone  and  in  combination  wi Lb  each  other. 
Potential  antioxidants  w':e  screened  for  use  in  propellants,  Preliminary 
propellant  formulation  studies  gave  propellants  with  mechanical 
properties  close  to  the  program  goals  and  with  encouraging  sensitivities. 
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SECTION  I 
INTRODUCTION 


A.  OBJECTIVE  (U) 

(C)  The  overall  objective  of  this  program  is  the  development  of  a  high- 

* 

performance  solid  propellant  for  ballistic  missiles  based  on  the  PCDE  prepolymer 
plasticized  with  SYFO  or  a  combination  of  SYFO  and  EEFO ,  and  the  demonstration 
of  this  propellant  In  large-scale  motor  firings. 

(C)  The  propellant  property  goals  are: 

0  A  delivered  specific  Impulse  in  the  range  of  259-262  lbf-sec/lbm. 

0  A  density  as  high  as  0.070  lb/cu  in. 

•  A  burning  rate  range  from  0.4  to  0.5  in. /sec  at  1000  psia 

with  a  pressure  exponent  at  or  below  0.6.  Based  on  pre¬ 
liminary  system  requirement  analysis  it  is  anticipated 
that  a  second-stage  strategic  missile  will  require  a 
burning  rate  of  about  0.4  in. /sec  and  a  third-stage  burning 
rate  of  0.4  to  0.5  in. /sec  at  1000  psia. 

0  Adequate  aging  stability. 

•  Adequate  processing  and  cure  properties. 

•  Safe  manufacturing,  handling,  and  use  characteristics, 

•  Adequate  liner-bond  properties. 

9  Adequate  combustion-stability  characteristics, 

0  High  reproducibility  characteristics. 

15 .  SCOPE  (U) 

(C)  The  program  is  divided  into  three  phases.  The  major  objectives  of 
Phase  I  -  Formulation  and  Characterization  -  are  the  in-depth  characterization 
of  the  prepolymer  and  plasticizers,  and  of  a  series  of  propellant  formulations, 
culminating  in  the  selection  and  preliminary  scale-up  of  two  formula t ions , 


*  See  Glossary 


-1- 

CONFIDENTIAL 


CONFIDENTIAL 


one  with  PCDE/SYFO  and  one  with  PCDE/SYFO/.FEFO .  The  objectives  of  Phase  II  - 
Scale-up  -  are  the  further  detailed  characterization  of  the  two  formulations, 
including  process  studies  in  intermediate-scale  mixes,  systematic  evaluation 
of  mechanical  properties,  hazard  evaluation,  combustion  instability  studies, 
firings  of  10-  and  70-lb  motors,  and  delivery  to  AFRPL  of  15-  and  70-lb  BATES 
motors  together  with  other  propellant  samples.  The  objectives  of  Phase  III  — 
Super  BATES  motors  -  include  the  scaling  up  of  one  of  the  two  propellant  formu¬ 
lations  to  full  production-size  batches  for  preparation  of  three  Super  BAT'.! 
motors,  instrumented  analog  motors,  and  test  samples  to  be  delivered  to  AFRPL 
or  tested  at  ASPC. 

(U)  The  approach  being  used  to  attain  these  objectives  is  illustrated 

by  the  program  flow  charts  in  Figures  1,  2  and  j. 
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PHASE  I  -  FORMULATION  AND  CHARACTERIZATION 
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PHASE  III  -  MOTOR  DEMONSTRATION 
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SECTION  II 

SUMMARY  ■ 

A.  A  detailed  theoretical  study  was  made,  of  the  effects  of  compositional 

variables  on  the  predicted  performance  of  PCDE/SYFO  and  PCDE/SYFO/FEFO  propella 

in  order  to  select  formulations  for  maximum  range.  Within  the  limits  imposed 

by  practical  considerations  such  as  processing,  etc.,  only  small  changes  in  per 

formance  are  found.  The  optimum  propellant  formulation  will  probably  contain 

78  to  80  wt%  solids,  16  to  17  wt%  aluminum,  a  3/1  HMX/AP  wt  ratio,  and  a  2 / ! 

plas t icl zer /polymer  wt  ratio.  The  delivered  specific  impulse  in  a  large  motor 

will  probably  be  in  the  range  of  262  to  264  Ibf-sec/lbm,  with  a  density  of 

3 

approximately  0.069  lbm/in.  . 

B.  The  carbonyl  band  in  the  infrared  absorption  spectrum  of  as-received 
PCDK  was’  found  to  be  due  to  the  presence  of  over  4%  acetone.  The  impurity 
is  removable  by  either  vacuum  distillation  or  treatment  with  13X  molecular 
sieves,  but  it  is  not  yet  known  which  method  is  best. 

C.  Neat  SYFO  is  very  sensitive  to  friction  and  moderately  sensitive  to 
impact,  but  is  readily  desensitized  to  either  by  admixture  with  PCDE  or 
FEFO.  Molecular  sieve  treatment  had  no  effect  on  the  sensitivity  of  a 
PCDE/FEFO  mixture. 

D.  Four  potential  antioxidants  for  use  in  PCDE  propellants  were  screened 
by  comparison  of  D'L'A  data  in  PCDE/FEFO  and  PCDE/SYFO  submixes.  The  results 
were  inconclusive,  but  Neozone  D  was  selected  for  current  use  pending  more 
thorough  evaluation. 
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UJ)  K .  l'Cbli/SYFO  and  I’CDF/SYFO/ FEt’O  propelLants  have  exhibited  mechanical 

properties  close  to  the  program  goals,  with  no  effort  at  optimization.  The 
propellant  sensitivities  are  also  encouraging. 

(C)  F .  The  results  of  a  small-scale  Company-sponsored  investigation  of  the 

thermal  stability  of  I’CDK/FEFO/A  L/HMX/AI'  propellant  is  reported.  In  68  days 
at  1 3 5 0 F  there  was  no  exotherm,  an  no  significant  loss  in  weight  or  Increase 
in  hazard,  but  there  was  evidence  of  fissuring  and  deterioration  of  mediae  v  a  1 
properties . 
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SECTION  III 
TECHNICAL  PROGRESS 

A.  SELECTION  OF  FORMULATIONS  FOR  OPTIMUM  RANGE 

1 •  Introduction 

This  task  was  divided  into  two  parts.  The  first  (Section 
III. A. 2)  was  a  detailed  study  of  the  effect  of  compositional  variables 
on  the  performance  potential  of  PCDE/SYFO  propellants.  In  this  study,  in 
addition  to  theoretical  specific  impulse,  the  factors  affecting  delivered 
specific  impulse  were  considered  and  used  in  predicting  propellant 
performance.  The  recommendations  arrived  at  for  formulations  for  initial 
evaluation  also  considered  practical  constraints  such  as  processability 
ard  probable  burning-rate  range. 

The  second  part  (Section  III. A. 3)  was  a  refinement  of  these 
calculations  taking  into  consideration  the  effects  of  modifications  of 
an  actual  baseline  propellant  composition. 
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2.  The  Effect  of  Compositional  Variables  on  Performance 
a.  Constraints 

in  order  to  conduct  the  most  etfective  and  economical 
program,  it  is  desirable  to  establish  practical  formulation  development 
limits  based  on  optimum  performance,  processability,  mechanical  properties 
and  aging  stability.  The  limits  set  b,  performance  must,  in  turn,  considei 
not  only  specific  impulse  and  density  but  also  turning  rate  achievable, 
pressure  exponent  and  the  requirements  peculiar  to  each  stage  of  the  ballis¬ 
tic  missile.  The  processability  limits  are  based  on  experience.  Mechanical 
properties  limits  must  exclude  potential  formulations  with  too  little 
polymer  and/or  binder  and  must  consider  the  possibility  that,  especially  In 
an  upper  stage,  a  formulation  with  lower  solids  loading,  and  therefore  lower 
performance,  may  provide  superior  mechanical  properties  which  can  be 
used  to  reduce  insulation  weight  (no  boots),  and  thus  permit  higher  volu¬ 
metric  loading. 

This  section  describes  the  process  used  for  limiting  the 
scupe  of  formulation  development  to  perm):  i on cent rat  ion  on  the  most 
promising  formulation  range. 

A  roadmap  of  the  selection  process  is  as  follows: 
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Calculation  of  - ► 

Theoretical  Specific  Impulse  Expected  Delivered- 

Specific  Impulse 


Consideration  of 

Aluminum  concert-  ^  Effective  Specific  -«•- 

tration  and  OFR  Impulse  (Q) 


Consideration  of  Range 


Recommended  Approach 


Throughout  this  analysis  the  following  practical  guidelines  were 
used,  based  on  the  propellant  target  properties  in  Section  I. A. 


Propellant  Goals 

Guide  Lines 

Reasons 

r  and  n 

2/1  to  3/1  KMX/AP  ratio 

Ease  of  r  and  n 
tailoring 

Mechanical 

Properties 

>  22  vol  %  binder 

>  8  vol  %  polymer 

(<3/l  plasticizer/ 
polymer  ratio) 

Current  technology 
based  on  similar 
propellants 

Processing 

Properties 

>  22  voi  %  binder 
~  1  plasticizer/ 

~  polymer  ratio 

Current  technology 
based  on  similar 
propellants 

Storage  Stability 

<3/1  plasticizer/ 
polymer 

Increase  stability 

Hazard 

>2/1  HMX/AP  ratio 

Reduce  friction 
sensitivity 

<3/1  plasticizer/ 
polymer 

Avoid  migration  or 
exudation 
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b.  l’ropellant  Performance  Evaluation 

Within  the  framework,  of  other  constraints  as  identified 
above,  toe  propellant  choice  will  depend  upon  the  ideal  combination  of 
expected  delivered  specific  Impulse  and  density.  The  result  of  the  tradeoff 
analysis  is  the  effective  specific  impulse. 

Expected  delivered  specific  impulse  is  a  complex  function  m 
theoretical  specific  Impulse  and  all  of  the  compositional,  thermodynamic 
and  motor-design  parameters  which  affect  Specific  Impulse  efficiency. 

Chief  among  these  are  (1)  total  aluminum  content  and  pro¬ 
pellant  OFR  which  affect  aluminum  combustion  efficiency,  (2)  total  propellant 
mass,  firing  duration  and  motor  geometry,  which  affect  heat  loss,  (3)  total 
Al^O^  content  of  the  exhaust  products,  average  particle  size,  exhaust 

temperature  and  motor  geometry,  all  of  which  play  an  important  role  in 
determining  efficiency  losses  due  to  two-phase-flow  effects,  and  (4)  active? 
fluorine  content  of  the  propellant,  which  can  have  a  profound  effect  on  both 
aluminum  combustion  efficiency  and  two-phase-flow  losses.  A  theoretical 
model  which  utilizes  these  parameters  for  predictions  of  deliverable  specific 
impulse  is  described  below  and  utilized  in  subsequent  sections  for  pre¬ 
dictions  of  final  motor  performance. 

In  order  to  select  optimum  compositions  from  the  many  po¬ 
tential  ingredient  combinations  for  this  application,  optimization  calcu¬ 
lations  of  propellant  performance  as  a  function  of  composition  were  made 
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on  the  basis  of  three-component  propellant  systems  consisting  of: 

•  Three  binder  compositions  with  each  plasticizer,  contain¬ 
ing  PCDE  polymer  and  plasticizer  (either  SYFO  or  SYFO/FEFO  mixtures)  at 
fixed  ratios  of  1:1,  2:1,  and  3:1,  as  well  as  the  unplasticized  polymer 
for  reference. 

•  Six  oxidizer  combinations  consisting  of  HMX  and  NH^Cl.O^ 
mixtures  in  ratios  of  1:1,  3:2,  2:1,  3:1  and  7:1,  as  well  as  pure  HMX. 

•  Aluminum  metal  as  the  fuel  additive  and  third  component. 
Each  system  was  then  evaluated  as  a  function  of  binder  content  (from  12 
to  21*  weight  percent  in  3%  steps)  and  aluminum  content  (in  2%  steps  from 
12%  to  the  maximum  dictated  by  propellant  oxygen  balance  for  each  binder 
content).  For  each  system,  the  performance  parameters  evaluated  were: 

•  Theoretical  Specific  Impulse 

•  Predicted  specific  impulse  for  a  typical  large- 

motor  configuration  (I1C  ) 

lbs 

0 . 3 

•  Effective  Specific  Impulse  based  on  I,,  (p/p  ) 

IPs  o 

•  The  volume  fraction  of  binder 

•  The  chamber  flame  temperature 

•A  detailed  discussion  of  the  results  of  these  evaluations 
is  presented  in  the  following  three  sections.  In  the  first  section,  the 
effect  of  composition  variables  on  the  theoretical  specific  impulse  is 
described.  In  the  second  section,  the  same  compositions  are  examined  in 

*A  limited  number  of  calculations  is  included  for  24  weight  percent  binde 
at  an  HMX/AP  oxidizer  ratio  of  3/1. 
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terms  of  the  expected  delivered  specific  impulse  using  a  prediction  model 
for  large-motor  applications.  Next,  specific  impulse-density  tradeoffs 
are  maae  to  establish  optimum  formulations  on  the  basis  of  effective 
specific  impulse. 

(1)  Theoretical  Specific  Impulse  (I“  ) 

A  preliminary  comparison  of  theoretical  I  data  for 
tliree  plasticizers  (FFFO,  SYFO  and  a  1:1  weight  mixture  of  the  two)  with 
similar  data  for  unplasticized  PCDE  polymer  is  shown  in  Figure  4. 

The  calculations  were  performed  for  binder  compositions  of  2.1  plasticizer: 
polymer  ratio  (except  for  the  unpl asti cized  polymer)  and  at  a  constant  oxi¬ 
dizer  composition  of  3/1  HMX/NH^CIO^  mixture.  Each  of  the  points  plotted 
represents  the  composition  (aluminum  content)  yielding  the  maximum  theo¬ 
retical  1  at  the  particular  solids  loading  of  interest,  expressed  as 
weight  percent  total  solids  (A1  4-  AP  +  HMX). 

The  plot  shows  that  peak  theoretical  specific  impulse 
increases  wuli  the  total  solids  loading,  and  that  both  FEFO  and  SYFO 
plasticizers  result  in  an  improvement  of  theoretical  1  over  that  of 
the  unplasticized  PCDE  polymer. 

The  peak  theoretical  1  values  for  all  tile  SYFO, 

sp 

KKFO,  and  mixed  SYFO/FEFO  piasticiaed  PCDE  binders  occur  at  oure  HMX  or  a 
high  (7/1)  ratio  of  HMX  to  AP ,  as  can  be  observed  in  Figures  5 
(H2F,  solids)  and  6  (79%  solids).  More  information  on  the  points 
plotted,  including  aluminum  content,  density  and  volume 

fraction  binder  as  well  as  theoretical  I  ,are  included  as  grid  summaries 

sp 
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in  F  Igure  /  tor  tin1  82.£  so  Luis  systems  ami  in  Figure*  fi  for  Liu; 

7b/'  solids  systems .  Also  Included  In  these  grills  are  the  corresponding 

data  for  tlu:  mi  :ced~  plast  Lc  Izer  systems  which  were  not  plotted  in  Figures 

>  and  t>.  At  these  peak  values  of  theoretical  I  ,  SYFO  or 

sp 

the  mixtures  of  F’EFO  and  SYFO  indicate  only  tenths  of  I  units  advantage 
over  FEFO.  These  specific  impulses  are  in  the  expected  order  as  regards 
plast ic Lzer-to-polymer  ratios  L.e.  3/1  >  2/1  >  1/1. 

SYFO  contains  more  hydrogen  and  carbon  (fuel  value) 
and  has  a  more  positive  heat  of  formation  per  unit  weight  than  FEFO.  There¬ 
fore  SYFO  is  expected  to  yield  higher  specific  impulse  than  FEFO  with  a  good 
oxidizer  such  as  AT.  On  the  other  hand  since  FEFO  has  a  stoichiometric 
ratio  of  oxidizer  (0+-F)  to  fuel  (C-HI)  of  greater  than  one,  it  benefits  from 
cumhination  w i t h  a  less  than  stoichiometric  oxidizer  such  as  11MX.  Thus  FEFO 
provides  very  good  performance  with  HMX  oxidizer  systems. 

At  the  more  practical  (less  titan  optimum)  11MX/AP 
ratios  (3/1  or  lower)  which  will  probably  he  utilized  to  achieve  burning 
rate  and  pressure  exponent  targets,  SYFO  has  a  mote  pronounced  advantage 

over  FEFO  (1-2  (  units).  In  fad  ,  with  lower  IINX/AP  ratios,  PCDE  polymer 

sp 

appears  better  than  FEFO,  since  there  is  a  slight  decrease  of  I  with  in¬ 
creasing  FEFO  content.  For  the  plasticizers  of  concern  for  this  program — 

SYFO  or  the  SYFO/FKFO  mixtures  — the  1°  Increases  in  the  expected  order 

sps 

with  Increasing  plastic Lzer-to-poiymer  ratio. 
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I'CDK  POLYMER  PROPELLANTS  AT 
PEAK  TILiORETICAL  1°  FOR  82%  SOU  l)S  (II) 

HJItt 


IIMX/AP  Wfif.hl  Rat  I  o 


Plasticizer  and  Ratio 

1/1 

3/2 

2  vr " 

3/1 

7/1 

' 100/0 

SYFO  =  3/1 

271.1 

272.5 

273.2 

2/3.8 

274.6 

274.8 

18 

18 

16 

16 

14 

1  2 

1.911 

1 .946 

1 .932 

1 .929 

1.912 

1  . 896 

.220 

.219 

.218 

.2  17 

.2  13 

.214 

SYFO/FKFO  -  3/3/2 

2(>9 . 7 

271.4 

272.3 

27  3.2 

2  74.1 

274.9 

20 

18 

18 

18 

16 

1.4 

1.957 

1  .94  1 

1 .939 

1  .936 

1.919 

!  .503 

.223 

.221 

.22  1 

.221 

.219 

•  i 

FEFO  =  3/1 

268.3 

270.3 

271  .  1 

27  2.5 

2  73.7 

2/4.. 

18 

18 

18 

18 

18 

16 

1  . 94  L 

1 .936 

1  .934 

1.931 

L  .926 

1.909 

.224 

.223 

.223 

.223 

.  222 

.220 

SYFO  =  2/1 

270.9 

272.3 

272.9 

27  3.6 

274.3 

174.4 

L8 

16 

16 

16 

14 

14 

1.947 

1.931 

1 .929 

1  .925 

1  .909 

1 .904 

.221 

.219 

.219 

.219 

.217 

.216 

SYFO/FEFO  =  l/l/l 

269.8 

271.5 

27  2.3 

273.1 

273.9 

2  74.3 

18 

18 

18 

16 

14 

14 

1.942 

1.938 

1  .936 

1.921 

1.905 

1 . 900 

.223 

.222 

.222 

.22  1 

.219 

.218 

FEFO  -  2/1 

268.6 

2  70.4 

271.3 

2  72.4 

27  3.5 

274.2 

18 

20 

1  8 

18 

16 

14 

1  .938 

1  .943 

1  . 93  1 

1  .928 

1.912 

1  .893 

.225 

.226 

.  224 

.  224 

.  222 

.220 

SYFO  =  1/1 

270.7 

271  .9 

272.5 

272.9 

273.7 

273.5 

18 

16 

16 

16 

■pin! 

1  2 

1.940 

1  .924 

1.921 

1.918 

1 .885 

.224 

.222 

.222 

.222 

.218 

SYFO/FEFO  =■  1/1/2 

270.0 

27  1.3 

2/2.0 

2  72.7 

273.5 

273  .7 

18 

1  8 

1  8 

16 

14 

14 

1  .9  36 

1.9  12 

1  .929 

1.91  3 

1 . 899 

1  .894 

.2  25 

.2  25 

.  223 

.  223 

.221 

.220 

FEFO  -  1/1 

269.2 

270.8 

2  71.3 

2/2.3 

27  3.  1 

27  3.8 

18 

18 

18 

18 

16 

14 

1  . 9  J  3 

1  .929 

1  .926 

1.923 

1  .90  7 

1.891 

.22  7 

.226 

.226 

.  226 

.2  24 

.  2  2  2 

Non  Plasticized 

mam 

270.4 

270.8 

2/1.3 

2  7  1.2 

269.9 

16 

14 

14 

1  2 

12 

1.903 

1  .889 

1.886 

1  .870 

1 .865 

.231 

.229 

.  229 

.22  7 

.226 

1° 

wt  .7-  Al 
V  k/ci: 

Vo  I  .  1  rat: .  I>i  utler 
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PCDi:  POLYMER  P ROPELLANTS  AT 

PLAli  THEORETICAL  1°  FOR  79 1  SOLIDS  (1!) 
sps 


1° 

sps 

wt.Y  A1 
P  g/cc 

Vol . f ran .binder 


Plasticizer  and  Ratio 


Y 


YI'O/KEFO 


SYFO/FEFO 


SYFO  -  1/] 


SYFU/FEFO  =  1/1/1 


h:fo  •■=  i/] 


ii  1  last  u- 1  zed 


tiMX/AT  _We  i^lu^  Rat,  i  o _ _ 

[  21  f  1  3/1  T  77]' 


i/7  I  fTi  1  2/1  !  3/7 


268.  / 

20 

1 .9  in 
.767 


269 . 1 
16 

1 . 690 
.  368 


2  71  .4 

18 

1.929 

.296 


270.1 

18 

1.923 

.259 


272.2 

16 

1.919 
.  2  5  A 


2/1  .A 
18 

1  .923 
.3  58 


2  70 .  3 
18 

1  .920 
.360 


271.7 

16 

1.911 

.358 

17  l'T 

16 

1  .90/ 
.2  59 

270.1 

1  8 

1.915 

.21)2 


269.7 

14 

1  .8/0 
.  266 


273.3 
1  A 

1.907 

.251 


273.0 

16 

1.917 
.  2  5A 


100/0 


27  A  .  2 


271.1 

18 

1  .921 
.2.58 


2, 

.  1 

8 

1 , 

.918 

.258 

273.7 

14 

1  .896 
.252 


2  7  3.2 

18 

1.913 

.257 


274.3 


272.8 

273.2 

273.8 

273.6 

16 

14 

14 

12 

1.91/ 

1.902 

1.89/ 

1.881 

.254 

.252 

.252 

.249 

272.0 

272.7 

273.4 

27  3.8 

16 

16 

14 

14 

1.912 

1 . 909 

1.893 

1.888 

.7  St. 

.  756 

.253 

.7.53 

77  1.7 

277.  1 

27  3.0 

27  i.  7 

i  8 

18 

16 

14 

1.918 

1.91 5 

1 . 899 

1  .88  i 

.2  59 

.259 

.257 

.2  33 

272.0 

272.6 

272.9 

272  .5 

16 

14 

14 

12 

1  .908 

1 . 894 

1 . 889 

1 .87  i 

.357 

.255 

.255 

.253 

27  1.7 

2  72.1 

mam 

272.7 

1  o 

16 

14 

1  2 

1  .903 

1  .902 

1.886 

1 .8  70 

.239 

.258 

.2  56 

.3  54 

271.2 

2  71.8 

212.5 

272.9 

18 

16 

14 

14 

1.912 

1.898 

1.882 

1.877 

.262 

.  2b  0 

.258 

.237 

2  70.  1 

270.1 

269.6 

14 

14 

12 

1.873 

1.870 

1.855 

.265 

.265 

.  263 

Figure  g 
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At  the  highest  HMX/AP  ratios  the  peak  1°  occurs 

sps 

at  14%  aluminum  or  lower.  The  optimum  aluminum  content  is,  of  course, 
dictated  by  the  availability  of  oxygen,  which  decreases  as  the  HMX/AP 
ratio  increases.  Even  at  the  more  practical  HMX/AP  ratio  of  3/1,  the 
optimum  aluminum  content  (in  terms  of  1°  )  for  these  SYFO-  and  SYFO/FEFO- 

plasticized  binders  is  never  over  16%  aluminum.  In  Figure  9  a  tri¬ 
angular  composition  diagram  shows  lines  of  constant  OFR=1.0  for  systems 
containing  aluminum,  SYFO/PCDE  polymer  *  2/1  and  the  various  oxidizers 
concerned.  From  this  figure,  one  can  determine  the  aluminum  content 
corresponding  to  an  OFR  of  1.0  for  a  given  combination  of  binder  level  and 
oxidizer  composition.  Thus,  for  7/1  HMX/AP  at  79%  solids,  the  limiting 
aluminum  content  is  18%,  and  the  peak  theoretical  Igp  occurs  at  an  OFR  of 
1.14  (14%  Al);  similarly,  for  the  same  binder  and  solids  loading  with  2:1 
HMX/AP  oxidizer,  the  limiting  aluminum  content  corresponding  to  OFR=1.0 

is  22%  and  the  peak  theoretical  I  occurs  at  16%  aluminum  or  an  OFR  of 
r  sp 

1:21  with  increasing  aluminum  content.  With  less  energetic  binders  more 

aluminum  is  required  to  achieve  a  peak  theoretical  I__  . 

sp 

Another  indication  of  the  energy  potential  of  these 

SY FO-pl ast icized  PCDE  binders  is  that  there  Is  only  tenths  of  a  unit  of 

1°  advantage  of  the  82%  solids  formulations  over  the  79%  solids  propellants, 
sps 

Thus,  if  a  high-volume-fraction  bidder  is  required  to  achieve  mixing, 
casting,  and  mechanical-properties  targets,  there  are  minimal  losses  in 
theoretical  performance.  The  advantages  of  high  solids  are,  therefore, 
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primarily  in  cost  and  material  requirements. 

(2)  Expected  Delivered  Specific  Impulse  (1^^)  (IJ) 

(a)  Prediction  Model  (U) 

(C)  The  performance  prediction  model  developed  on  the 

P722  Program  (Ref.  1,2) 

E  -  98.30  -  6.198x  -  6.732  x/(m)1/2  -  .9428  (A/rh)1/2, 
has  been  modified  on  the  basis  of  additional  experimental  data  to  a  f  <  -  nr. 
which  explicitly  accounts  for  the  effect  of  active  fluorine  in  the  propel¬ 
lant  composition  (Ref.  3), 

E  *  98.62  -  15 . 86x  -  6.092  x/(m)1/2  -  .5336  (A/ro)1/2  +  .  5  1  44  (>;)  (  F)  . 
where  x  *  moles  of  Al^O^  Per  100  grams  of  propellant  combustion  products, 

m  ■  propellant  mass  flow  rate  in  lb/sec, 

A  »  exposed  surface  area  of  motor  inert  parts,  in  sq.  in. 

F  ■  wt%  active  fluorine  in  the  propellant,  and 
E  *  specific  impulse  efficiency, 

(U)  The  first  term  of  the  equation,  98.62,  represents 

the  limiting  efficiency  for  a  propellant  of  all  gaseous  combustion  product;: 
fired  in  a  rocket  motor  having  zero  heat  loss  with  a  nozzle  of  15°-h.»l f -angle 
exit  cone.  This  (as  well  as  all  other  equation  coefficients)  was  derived 
from  experimental  data  by  a  least-squares  fitting  technique — and  agrees 
quite  closely  with  the  theoretical  value  of  98.30. 

(C)  The  first,  second  and  fifth  terms  in  combination, 

98.62  -  15.86x  +  ( . 5144) (x) (F) ,  represent  the  limiting  efficiency  of  aluminized 
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propellants  in  general — as  a  function  of  both  A^O^  content  and  active 
fluorine  content.  Thus  every  aluminized  propellant  has  its  own  limiting 
asymptote  of  efficiency  (at  infinite  mass  flow  rate)  dependent  on  the 
exact  Al.jO-j  content  of  the  combustion  products  and  active  fluorine  content. 
This  facet  of  the  prediction  model  is  in  conflict  with  earlier  prediction 
models,  such  as  that  of  Rohm  and  Haas  (Ref.  4),  which  assume  that  A.^O.. 
particle  size  is  a  function  of  propellant  composition  and  independent  of 
motor  size,  but  in  substantial  agreement  with  a  recent  Air  Force  Survey  (Ref. 
f>)  which  showed  that  Al^O^  particlr  size  is  principally  a  function 
of  rocket  motor  size  or  throat  diameter. 

1  /  2 

(C)  The  third  term  of  the  equation,  -6.092  x/ (m)  , 

represents  the  variation  in  two-phase-flow  losses  with  motor  scale-up  effects. 
Fractional  velocity  lag  Is  Inversely  proportional  to  nozzle  length  or  nozzle 
throat  diameter  or  (alternatively)  inversely  proportional  to  mass  flow  rate 
to  the  one-half  power  under  conditions  of  constant  chamber  pressure  com¬ 
parisons.  Total  loss  due  to  velocity  lag  is  equal  to  fractional  velocity 
lag  multiplied  by  mass  fraction  of  Al^O^  t*ie  combustion  products. 

(C)  The  fourth  term  of  the  efficiency  equation, 

1/2 

-  .5336(A/m)  ,  represents  a  heat-loss  term,  where  heat  loss  per  unit  mass 

is  directly  proportional  to  exposed  surface  area  of  rocket-motor  inert 

A‘  t  A 

parts  and  to  firing  duration,  — —or  (— )  .  The  corresponding  loss  in 

m  m 

specific  impulse  or  specific  impulse  efficiency  is  proportional  to  the  square 

•  1/2 

root  of  heat  loss  or  to  (A/m)  .  At  infinite  mass  flow  rate  the  third  and 
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fourth  terms  drop  out  yielding  the  limiting  efficiency  defined  by  the  first, 
second  and  fifth  terms. 

(C)  The  fifth  term,  +  .5144  (x)(F),  represents  the 

improvement  in  specific  impulse  efficiency  due  to  the  presence  of  active 
fluorine  in  the  propellant  composition.  The  observed  effect  of  fluorine  is 
of  necessity  related  to  Al^O^  concentration  as  well  as  fluorine  concent ra t ion 
in  terms  of  either  (a)  improved  combustion  efficiency  or  (b)  reduced  two- 
phase-flow  losses  (or  both). 

(U)  The  experimental  data  upon  which  this  efficiency 

equation  is  based  are  summarized  in  Table  I.  Included  are  2C1. 5-4.0 
and  2C1.5-11.2  motor-firing  data  for  5  PBD  propellants  from  an  in-house 
study  (Ref.  6),  2 C 1 . 5-4.0  and  2C1.5-11.2  data  for  one  non-Domino 
reference  propellant,  two  TVOPA  propellants  and  five  P722  propellants  from 
the  P72?  Program  (Ref.  1),  and  2C1. 5-4.0  and  2C1.5-11.2  data  for  5 
TVOPA  propellants  as  well  as  one  6C4.8-11.4  TVOPA  propellant  firing  from  the 
H tgh-Irapulse ,  High-Density  Program  (Ref.  3), 

(U)  It  would  be  highly  desirable  to  extend  this 

correlation  effort  to  include  additional  classes  of  propellants  and  addition¬ 
al  data  from  other  motor  sizes.  Data  which  are  being  incorporated  include: 
(U)  •  15-lb  and  70-lb  BATHS  motor  data  for  DOMINO 

propellants  as  well  as  conventional  propellants. 

(U)  •  Data  for  smokeless  (nunaluminized)  formu¬ 

lations  in  all  motor  sizes. 
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•  Large  motor  data  for  all  classes  of  propellants 
00  Predictions 

Specific-impulse  predictions  were  made  tor 

all  of  the  theoretical  1  calculations  discussed  in  the  previous  paragraphs, 

sp 

based  on  the  prediction  model  above  and  a  hypothetical  large  motor  having  -n 
exposed  inert  parts  area  (A)  of  400  square  inches*  and  a  mass  flow  rate 
400  lb/sec.  For  both  SYF0  and  FEFO  as  well  as  their  mixtures,  the  peal 
delivered  1^  predicted  for  each  binder  occurs  at  a  high  ratio  of  HMX/AP 
(>7/l)  ,  similar  to  the  theoretical  values.  Figures  10  throng*'  ]  i 
show  the  peak  I  ^  values  along  with  the  aluminum  content,  ten¬ 
sity,  volume-fraction  binder  and  oxidation-f luorination  ratio  (0FR*-- 

C  +  1.5  A 1 

However,  the  spread  between  SYF0  and  FKPO  is  more  marked  than  in  the  theo¬ 
retical  I  •  The  active  fluorine  content  of  SYFi)  leads  to  higher  e  1 1  icier. -ies 
sp 

and  this,  coupled  with  the  higher  theoretical  I  values  fur  sYF0-p  las l ic i zed 
propellants,  results  in  an  even  greater  spread  in  the  predicted  lj^  (2-1  units) 

At  both  82  and  79%  total  solids  the  peak  pre¬ 


dicted  I  occurred  at  the  lower  aluminum  level  (12.?  of  the  range  calculated 
15s 

for  all  binders  and  all  HMX/AP  ratios.  Since  the  two  phase-flow  loss  terms 
in  the  efficiency  equation  are  dominating  terms  and  the  values  lor  these 

*  The  A  term  refers  to  actual  area  of  metal  or  giapliite  inerts  inserts  in 
small  test  motors.  For  large  flight-weight  motors  the  A  term  includes 
actual  throat  insert  parts  plus  an  equivalent  metal  surface  area  for  in¬ 
sulated  areas. 
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PEAK  DELIVERED  I,c  VS .  %  HMX  IN  HMX/AP 
Ids 

OXIDIZER  AT  79%  SOLIDS,  12%  A1  (U) 
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1'EAK  PREDICTED  DELIVERED  I  FOR  PCDE  PROPELLANTS  WITH  79%  SOLIDS (l 
(New  Efficie  icy  iiquationWtn  Fluorine  Coefficient) 


Plasticizer  and  Ratio 


SYFO  =3/1 


AX5s 
wt.%  A1 
P  g/cc 

Vol . f rac . binder 
OFR 


SYFO/FEFO  =  3/3/2 


FEFO  =  3/1 


SYFO  =  2/1 


SYFO/FEFO  =  1/1/1 


FEFO  =  2/1 


SYFO  =  1/1 


SYFO/FEFO  =  1/1/2 


1/1 

3/2 

HJIA/AP  Vi 
2/1 

3/1 

259.0 

260.2 

260.9 

261.5 

12 

12 

12 

12 

1.905 

1.901 

1.898 

1.895 

.250 

.250 

.250 

.249 

1 .628 

1.509 

1.437 

1.354 

256.7 

258.2 

259.0 

259.8 

12 

12 

12 

12 

1.900 

1.896 

1.893 

1 . 890 

.253 

.252 

.252 

.251 

1.698 

1.574 

1.499 

1.412 

254.2 

256.0 

257.0 

258.0 

12 

12 

12 

12 

1.894 

1.890 

1.888 

1.885 

.255 

.254 

.254 

.253 

1.771 

1.641 

1.562 

1.472 

258.8 

260.0 

260.5 

261.1 

12 

12 

12 

12 

1.901 

1.897 

1.894 

1.891 

.252 

.251 

.251 

.251 

1.602 

1.485 

1.415 

1.333 

256.8 

258.2 

259.0 

259.7 

12 

12 

12 

12 

1.896 

1.892 

1.890 

1.887 

.254 

.253 

.253 

.253 

1.663 

1.543 

1.469 

1.385 

254.7 

256.4 

257.2 

258.1 

12 

12 

12 

12 

1.892 

1.887 

1.885 

1.882 

.256 

.255 

.255 

.255 

1.726 

1.601 

1.525 

1.437 

258.4 

259.5 

259.9 

260.4 

12 

12 

12 

12 

1.893 

i .  889 

1.886 

1.883 

.255 

.255 

.254 

.254 

1.551 

1.440 

1.372 

1.294 

257.1 

258.3 

258.8 

259.4 

12 

12 

12 

12 

1.889 

1.885 

1.883 

1.880 

.257 

.256 

.256 

.255 

1.596 

1.481 

1.412 

1.331 

255.6 

256.9 

257.7 

258.3 

12 

12 

12 

12 

1.886 

1.882 

1.879 

1 .876 

.258 

.257 

.257 

.257 

1.641 

1.524 

1.452 

1.369 

259.9 

257 . 5 

257.7 

2.- 7.8 

12 

12 

12 

1  2 

1.869 

1.865 

1.862 

1.860 

.265 

.264 

.264 

.263 

7/1 

100/0 

262.1 

262.0 

"T  T  1 

12 

1.890 

1.885 

.248 

.248 

1.241 

1.141 

260.6 

261 .0 

12 

12 

1.885 

1 . 880 

.251 

.250 

1  .295 

1.191 

259.0 

739.' 

12 

1  .880 

1.873 

.253 

.252 

1 .  350 

J  .242 

261.6 

261.5 

12 

12 

1.886 

1.881 

.250 

.249 

1  .223 

1.125 

260.4 

260.7 

12 

12 

1.881 

1.877 

.252 

.251 

1 .270 

1.169 

259.0 

259.5 

12 

12 

1 .87  7 

1.872 

.254 

.253 

1.  .318 

1.213 

260.7 

260.4 

17“ 

12 

1.878 

1.873 

.253 

.253 

1.188 

1.093 

259.9 

259.9 

259.0 

12 

1 . 87 1 
.256 
1.257 


257.5 

12 

1.855 

.263 


259.2 

12 

1 . 866 
.255 
1.158 


Figure  13 
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energetic  binder  system  increase  very  slowly  with  aluminum  content. 

At  the  lower,  practical,  HMX/AP  ratios  ('i/1  or 

lower)  the  delivered  l  ^  values  for  SYFO  at  all  plasticizer  levels 

exceeds  the  values  for  the  FEFO-pl ast Icized  propellant  compositions. 

fable  11  shows  the  results  of  an  extended  range  of  calculations 

(from  76  to  85  wt%  total  solids)  made  with  a  single  oxidizer  compos  i  L  ion 

(3/1  HMX/AP)  and  the  six  binder  compositions  of  primary  interest  (3/1,  £.!  i  , 

and  1/1  plas  ticizer/pol  yiner  ratio  with  SYFO  and  SYFO-FEFO  mixed  plasticizer,). 

in  every  case  the  predicted  I  for  76%  solids  is  equal  to  or  greater  than 

sp 

that  for  79,  82  or  85  solids  loadings.  In  I  lie  case  of  the  a J 1-SYFO-p  last i - 

cized  systems,  the  trend  is  quite  pronounced  and  exactly  opposite  to  the 

corresponding  trend  of  I®  vs  X  solids  (Figure  5),  which  indicates 

that  the  increase  of  I  efficiency  with  active  fluorine  content  (from  PCDE 

sp 

and  SYFO)  outweighs  the  effect  of  decreasing  1° 

c  sps 

In  the  case  of  the  mixed  SYFO-FEFO  systems  (with 

lesser  amounts  of  active,  fluorine),  the  corresponding  gain  In  I  efficiency 

sp 

with  increasing  binder  content  is  in  almost  exact  balance  with  decreasing 

1*8  .  resulting  in  virtually  constant  values  of  predicted  °ver  the 

range  of  solids  loadings  from  76  to  85  weight  percent.  Thus,  as  far  as 

delivered  I1C  is  concerned,  there  is  no  loss  indicated  at  the  lower  solids 
15s 

loadings.  However,  as  described  in  the  next  section,  the  h igher -so  1  ids 
formulations  provide  an  increase  in  effective  specific  impulse  due  to  the 
higher  density. 
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TABLE  II 

PEAK  EXPECTED  X.,  .  12%  Al, 
15s 


Plasticizer /Polymer 

85%  Solids 

82%  Solids 

SYFO/PCDE  3/1 

260.8 

261.2 

SYFO/PCDE  2/1 

260.6 

260.9 

SYFO/PCDE  1/1 

260.1 

260.3 

SYFO/FEFO/ PCDE/ 3/ 3/2 

259.5 

259.7 

SYFO/FEFO/PCDE/1/1/1 

259.4 

259.6 

SYFO/FEFO/ PCDE/ 1/1/ 2 

259.3 

259.4 

CONFIDENTIAL 


=  3/1  (U) 

79%  Solids 
261.5 

261.1 

260.  A 

259.8 

259.7 


76%  Solids 

261.8 

261.3 

260.4 

259.9 

259.8 


259.4 


259.3 
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(3)  Effective  Specific  Impulse  (ft) 
a.  Theoretical 

Gordon  (Ref.  7)  has  shown  that  the  relative 
effects  of  propellant  specific  impulse  and  density  in  a  vol ume- 1 i mi  ted 
vehicle  may  be  evaluated  by  the  equation 


°K  “  1sp(p/po) 


where  p  is  the  density  of  the  propellant,  the  density  of  a  reference  pro¬ 
pellant,  K  a  fraction  between  0  and  1.0  calculated  from  the  design  parameters 
of  a  given  vehicle,  and  ft  is  defined  as  the  "effective  specific  impulse". 

The  tradeoff  exponent,  K,  was  defined  earlier  by 


Ceckler  (Ref.  8)  as  minus  the  derivative  of  log  I  with  respect  to 

sp  r 

log  density  at  constant  burnout  velocity 


(2) 


where  the  burnout  velocity  referred  to  here  is  the  overall  missile  velocity 
(not  the  burnout-velocity  Increment  of  a  single  stage)  .  Since  changing  the 
density  of  an  upper-stage  propellant  affects,  not  only  the  performance  of 
that  particular  stage,  but  also  that  of  all  lower  stages,  the  mathematical 
expression  for  evaluation  of  K  in  the  general  case  is  rather  complex  and  will 
not  be  covered  here.  For  booster  or  single  stage  application,  however,  the 
expression  reduces  to  the  simple  form 
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M  /M 

_E  ° 


M  /M 

JL  ° 


£nR  4  tn(MQ/M^) 


(3) 


where  M  is  the  propellant  mass  and  the  stage  mass  ratio,  R,  is  defined 
P 

as  the  ratio  of  the  initial  mass,  M  (or  M  +  M,  ),  to  the  burnout 

o  p  b 


mass,  M^. 


To  compute  the  gain  in  burnout  velocity  due 


to  substitution  of  a  propellant  of  specific  impulse  I'  and  density  p' 

sp 

for  one  of  reference  specific  impulse  I,  and  reference  density  p,  one 

sp 

merely  substitutes  for  I  in  the  conventional  burnout  velocity  equation 
1  sp 


AV,  “I  g  in  ■ 
b  sp  M 


M  +Mb 


(4) 


the  appropriate  value  of  U'  for  the  replacement  propellant 

M  + 

AV;  =  O'  g  in  , 


(5) 


while  retaining  the  original  mass  ratio,  where  ft'  -  1^  (p'/po)  •  in 

even  simpler  terms  one  may  write 


4VJ  -  AVb  <B'/I„p>. 


(6) 


which  is  exactly  equivalent  to  the  actual  burnout  velocity  expression 
applied  to  the  new  propellant 

M  (p’/p)  +  M. 

a#b  ■  1'sf  «  *»  jr - -  rn 
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For  a  specific  example,  tousldii  the  i  ase  of  a 
missile  having  a  propellant:  mass  of  250  11>,  with  I  -  250.0  and  density  - 

sp 

1.80g/ec  and  an  overall  missile  mass  of  1000  lb.  for  this  example  M  /M 

p  o 

0.25,  R  -  1.333,  K  *0.8V7  from  Equation  (5)  and  AV(  »  (250)  (2.174)  (f.« 

1.353)  =  2314  ft/sec  from  Equation  (4).  Substitution  of  an  equal  volume  of 

dense  propellant  having  an  I  of  248.0  and  density  of  1.890  yields  i<  - 

248.0  (1 .89/1 .80) '8??  =  258.84  and  AV,  -  (258.84) (32  .  174) Un(l . 33 U)  *  /  »9o 

b 

ft/sec  by  Equatiovi  (5).  For  comparison,  the  exact  calculation  of  AVj  by 
Equation  (4)  (substituting  new  values  of  I  and  M  )  is  AV  *  (248.0) 

sp  p  b 

(32 . 174)  (Hn(^^:"^p^) )  “  2395  ft/sec,  a  difference  of  only  1  ft/sec. 

Gordon  (Kef.  7)  listed  the  following  values 
of  K  for  the  indtvidual  stages  of  an  ideally  staged  rocket  with  propellant 
mass  Irani  tons  of  0.9  in  t ,n h  stage  and  a  stage  lalio  ut  1: 

First  Stage  0 . 70 

Second  Stage  0,3b 

Third  Stage  0.25 

Fourth  Stage  0.15 

For  subsequent  discussions  herein,  this  table  is  simplified  still 
turLiier  by  using  a  K  value  of  0.3  for  upper-stage  applications,  as  a 
general  1 1  y . 

(b)  Optimization  oi  Candidate  Foriaulat Ions 
for  Upper  -St  age  Applications 

The  effective  specific  impulse,  or  ^ ,  far  upper 
stage,  which  includes  weighing  for  both  density  and  delivered  specific 
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0  3 

impulse,  is  computed  by  the  term  £1q  (p/po)  *  ■  The  0,3  exponent  for 

the  density  term  has  been  found  to  optimize  this  effective  specific  Impulse 
parameter  at  the  same  compositions  that  more  detailed  range  calculations 
indicate  for  upper  stages.  These  values  for  79  and  82%  total  solids  are 
indicated  in  Figures  14,  15,  16  and  17. 

As  was  the  case  for  the  theoretical  and  deliver^  : 
specific-impulse  values,  the  effective,  $1q  values  optimized  at  very  high 
HMX/AP  ratios,  particularly  for  the  FF.FO-containing  compositions.  In  addition 
to  yielding  higher  specific  impulse  values,  SYFO  has  a  higher  density  than 
FEFO  and  hence  the  all-SYFO-plasticized  systems  yield  higher  upper-stage 
effective-specific-impulse  values  than  the  mixed  SYFO/FEFO-  or  FEFO-plastici- 
zed  systems.  At  the  lower  HMX/AP  ratios  of  3/1  the  SYFO-plasticized  compo¬ 
sitions  exceed  the  raixed-SYFO/FEFO-plasticized  compositions  by  about  2  units. 
The  ranking  of  the  best  candidate  propellants  for  the  SYFO  and  mixed-SYFO/ 

FEF0  propellants  are  presented  in  Table  III.  in  every  case,  the  best 
effective  specific  impulses  are  seen  to  be  at  high  solids,  high  HMX/AP  ratios 
and  high  plasticizer:polymer  ratios,  but  the  total  variation  in  performance 
levels  over  a  wide  range  of  compositional  variables  is  very  small. 

For  the  all-SYFO  systems,  the  20  best  systems  fall 
within  the  range  of  7/1  to  3/2  in  HMX/AP  ratio,  within  a  range  of  3/1  to  1/1 

In  plasticizer/polymer  ratio  and  within  the  range  of  76  to  82X  total  solids. 

0. 3 

Based  on  1^  (p/1.8)  '  as  a  figure  of  merit  for  performance,  the  maximum 
deviation  in  performance  within  this  range  of  compositions  is  only  3.0  units. 
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The  optimum  performance  in  16  of  the  20  cases  occurred  at  14  weight  percent 
aluminum,  with  the  remaining  4  optimized  at  16%  A1 . 

For  the  mixed  SYFO-FEFO  plasticizer  systems,  24 

3 

individual  systems  yielded  optimum  performance  values  based  on  1^  (p/1.8) ‘ 
within  a  total  range  of  3.1  units.  Three  of  the  five  best  systems  in  this 

comparison  are  based  on  100%  HMX  oxidizei,  which  is  indicative  of  the  higln-. 

oxygen  content  of  the  FEFO  plasticizer.  The  higher  oxygen  content  of  these 
systems  also  shifts  the  optimum  aluminum  content  to  slightly  higher  values 

•  3 

(9  of  the  24  systems  showed  optimum  performance  values  based  on  I. ^  (p/1,8)" 
within  a  total  range  of  3.1  units.  Three  of  the  five  best  systems  in  this 

comparison  are  based  on  100%  HMX  oxidizer,  which  is  indicative  of  the  higher 

oxygen  content  of  the  FEFO  plasticizer.  The  higher  oxygen  content  of  these 
systems  also  shifts  the  optimum  aluminum  content  to  slightly  higher  values 
(9  of  the  24  systems  showed  optimum  performance  at  16%  A1 ,  while  the  remain¬ 
ing  15  optimized  at  14%  Al) . 

The  data  in  this  table  illustrate  the  wide  range 
of  formulation  variables  which  are  available  without  significant  variation 
in  performance  potential. 

the  variation  of  predicted  performance  with 
changes  in  a/umiuum  content  and  OFR  is  considered  in  more  detail  in  the 
following  section. 

(4)  Effect  of  Aluminum  Concentration  and  OFR 
The  possible  use  of  formulations 
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containing  20%  or  more  aluminum  was  considered,  but  in  every 
case  evaluated,  the  optimum  performance  level  (in  terms  of  1“  , 

I^g,  or  1^  (p/1.8)  *  )  occurs  at  an  aluminum  concentration  of  less  than 
20%.  For  the  highest  performance  systems,  containing  all— SYFO  plasticizer 
and  7/1  or  3/1  RMX/AP  oxidizer,  optimum  values  of  I^,-g(p/1.8)  '  occur  at  14 
to  16%  aluminum  and  corresponding  OFR  values  in  the  range  of  1.288  to  1.109 
(see  Figures  16  and  17).  For  many  of  these  same  systems  the 
OFR  may  drop  to  values  less  than  1.0  for  formulations  containing  20%  or 
more  aluminum  at  solids  loadings  of  79  to  82%  (see  Figure  9  for  systems 
based  on  2/1  3YF0/PCDE  binder) . 

This  effect  is  in  direct  contrast  to  systems  based  on 
an  all-AP-oxidizer  system,  for  which  an  OFR  value  of  1.0  corresponds  to  an 
aluminum  concentration  of  about  30%,  as  also  shown  in  Figure  9.  With 
such  systems,  we  would  expect  optimum  performance  to  occur  at  aluminum  con¬ 
centrations  of  20%  or  higher,  particularly  if  the  propellant  is  intended 
for  use  as  a  booster  propellant  or  single  propellant  of  »  tactical  rocket 
system.  An  example  of  such  a  system  is  one  based  on  a  tinder  of  PCDE 
polymer/BDNPF  (2;1)  with  aluminum  and  AP  oxidizer,  which,  at  a  solids  load¬ 
ing  of  79%  peaks  at  an  optimum  aluminum  concentration  of  24  to  26%,  based 

on  the  same  efficiency  equation  used  here  and  the  effective  I  parameter 

sp 

I1^g(p/1 . 8)°‘ 7  as  a  figure  of  merit. 

For  the  propellant  of  interest  here,  however,  the 
optimum  performance  level  occurs  at  an  aluminum  content  of  14%,  as  illustrated 
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in  Figure  18  for  the  system  consisting  of  3/1  SYFO/PCDE  binder, 
aluminum  and  3/1  HMX/AF  oxidizer  at  79%  total  solids.  The  uppermost 
curve  shows  theoretical  I  vs.  %  aluminum  with  the  peak  occurring  at  14% 

Sp 

aluminum,  while  the  lowermost  curve  shows  that  the  peak  value  of  predicted 


I  occurs  at  10  co  12%  aluminum.  The  two  intermediate  curves  show 

sp  '  .7 

1  (p/1.8)  ‘  3  with  a  peak  value  indicated  at  14%  aluminum,  and  I^^s(p/1.8)  , 

15s  ’ 

with  a  corresponding  peak  at  16  to  18%  aluminum.  Of  particular  interest 

in  this  highly  energetic  propellant  system  are  the  extremely  high  values  of 

theoretical  and  predicted  Isp  (as  well  as  density)  corresponding  to  the  0% 

aluminum  formulation.  The  gain  in  predicted  I8p  from  0  aluminum  to  the 

maximum  value  is  only  2.3  units  while  the  corresponding  gain  in  terms  of 

I,c  (p/1.8)'3  is  only  5.3  units. 

15s 

Additional  details  of  the  calculations  for  this  and 
one  other  system  are  shown  in  Table  IV,  providing  additional  clues 
to  t  •  ,e  1  e  s  s  -  than  -no  rma  1  increase  in  performance  with  aluminum  content.  Flame 
temperatures  for  these  systems  are  very  high  even  at  zero  percent  aluminum, 
wnile  the  corresponding  increase  in  flame  temperature  with  aluminum  is  much 
lass  than  with  conventional  systems.  This  is  because  the  base  system, 
consisting  of  an  energetic  binder  and  75%  HMX  in  the  oxidizer,  already 
provides  a  very  high  flame  temperature  with  little  need  for  further 
increases  from  aluminum  metal  fuel.  Flame  temperature  increases  very  little 
beyond  14%  aluminum  because  the  additional  aluminum  goes  largely  to 
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THEORETICAL ,  DELIVERED,  EFFECTIVE  FOR  UPPER  AND  BOOSTER  STAGE  SPEC 
IMPULSES  VS.  WEIGHT  PERCENT  ALUMINUM  (U) 

SYFO/PCDL  POL.  =  3 :  1  AT  117,  SOLIDS,  HHX/AP  =  3.1 
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TABLE  IV 

FLAME  TEMPERATURE,  SPECIFIC  IMPULSE,  OFR,  AND  EFFICIENCY 
AS  A  FUNCTION  OF  ALUMINUM  CONTENT (U) 

I.  SYFO/PCDE  POL  =  1:1,  HMX/AP  =3:1,  79%  Solids 


Aluminum  -*• 

0.0 

10 

12 

14 

16 

18 

20 

T  °K 
c 

3290 

3607 

3658 

3698 

3727 

3745 

3745 

1° 

sps 

262.4 

271.6 

272.4 

272.6 

272.1 

270.9 

268.7 

I15s 

257.4 

260.3 

260.4 

260.3 

259.6 

258.0 

255.6 

si0.  3 

258.2 

263.3 

264.0 

264.3 

264.1 

263.0 

261.0 

Efficiency 

.9809 

.9584 

.9559 

.9549 

.9541 

.9524 

.9512 

OFR 

2.117 

1.395 

1.294 

1.202 

1.119 

1.043 

0.973 

SYFO/PCDE  POL  =  3:1, 

HMX/AP 

-  3:1, 

79 7.  Sol 

Ids 

Aluminum  ■+• 

0.0 

10 

12 

14 

16 

18 

20 

T  °K 
c 

3319 

3641 

3695 

3741 

3776 

3802 

3813 

L  ° 
sps 

264.3 

272.6 

273.2 

273.5 

273.4 

272.8 

271.0 

*158 

259.2 

261.5 

261.5 

261.3 

260.7 

259.6 

257.5 

“0.3 

260.6 

265.1 

265.6 

265.9 

265.7 

265.0 

263.4 

Eff iciency 

.9807 

.9593 

.9572 

.9554 

.9535 

.9516 

.9502 

OFR 

2.279 

1.461 

1.354 

1.257 

1.169 

1.089 

1.016 

i 


I 

I 
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underoxidized  vapor  phase  species  such  as  Al(g) ,  aluminum  suboxides  and 
subhalides  such  as  A10,  A1C1  and  A1F,  with  very  little  increase  in  con¬ 
densed  phase  Al^O^*  Si..ce  the  prediction  equation  is  based  on  condensed 
phase  rather  than  total  aluminum  content,  this  effect  is  correspond¬ 

ingly  reflected  in  the  very  slight  reduction  in  predicted  efficiency  with 


increased  aluminum  above  14%.  Thus,  the  variation  is  predicted  I  is  very 
flat  over  a  wide  range  of  compositions,  and  the  variation  between  optimum 


and  near-optimum  aluminum  levels  amounts  to  only  tenths  of  I  units. 
(5)  Range  Calculations 


A  series  of  preliminary  range  calculations  were  made 
for  2%  steps  of  aluminum  content  at  79%  total  solids  in  the  system  consisting 
of  2/1  SYEO/PCDE  binder,  3/1  HMX/AP  oxidizer  and  aluminum  metal.  The  program 
used  was  the  Spherical  Earth  Trajectory  Program  AIDE  (Aerojet  Program  SJ-001) 
based  on  a  three-stage  missile  with  a  nominal  range  of  4500  miles  and  con¬ 
taining  propellant  ANB-3066  in  the  third  stage.  The  five  SYFO  propellants 
were  then  substituted  for  the  reference  third-stage  propellant  on  the  basis 
of  equal  propellant  volume  while  maintaining  equal  values  of  chamber  pressure, 
throat  diameter,  expansion  ratio  and  inert  weights.  The  results  of  these 
calculations  are  summarized  below  and  indicate  an  exact  correspondence  between 


formulations  yielding  maximum  values  of  range  and  maximum  values  of 


115s(p/1-8) 
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Propellant 

%  A1 

ri5s 

P  3 

lb/in . 

Range  (Miles) 

I15a<p/.065) 

Reference 

15 

248:7 

.06402 

4500.1 

247.5 

SYFO/PCDE 

10 

261.1 

.06792 

5099.8 

264.6 

SYFO/PCDE 

12 

261.1 

.06832 

5113.0 

265.0 

SYFO/PCDE 

14 

261.0 

.06871 

5121.8 

265.4  | 

SYFO/PCDE 

16 

260.4 

.06915 

5108.0 

265.2 

SYFO/PCDE 

18 

259.1 

.06955 

5061.6 

264.9 

c.  Recommended  Composition  Range  (U) 

(d)  In  line  with  the  physical  constraints  discussed  earlier, 

the  compositional  constraints  for  propellants  for  initial  experimental 
evaluation  are: 

•  Minimum  polymer  content  of  6  wt%,  or  approximately 
8  volume  % 

•  Plasticizer:polymer  ratio  in  the  range  of  3:1  to  1:1 

^  Total  solids  loadings  in  the  range  of  76  to  82 
weight  percent 

©  HMX/AP  ratios  in  the  range  of  7:1  to  2:1 

©  Aluminum  content  for  each  system  based  on  the  maximum 
value  of  y 

Table  V  lists  predicted  performance  In  terms  of  1:^  for  eight  possible 
variations  of  composition  within  this  range  for  each  of  the  systems  based  on 
SYFO  plasticizer  and  S1F0/FEF0  mixed  plasticizer. 

(ID  The  eight  composition  options  and  possible  reasons  for 

final  choice  of  each  composition  are  shown  below: 
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Option  I  -  This  composition  of  79%  total  solids,  2/1  plasticizer 
to  polymer  ratio,  3/1  HMX/AP  ratio  and  9  volume  percent  polymer  represents 
what  may  be  the  best  compromise  of  good  processability,  final  mechanical 
properties,  burning  rate  and  pressure  exponent.  Performance  level  in  terms 
of  is  only  1.1  units  below  the  maximum  for  the  all-SYFO  systems  and  7.0 

units  below  the  maximum  for  the  mixed  plasticizer  systems. 

Option  II  -  represents  the  highest  performance  of  all  the  systems 
meeting  the  minimum  guidelines  noted  above,  as  well  as  lower  cost  than 
Option  I,  but  at  a  sacrifice  of  lower  volume  fraction  binder  and  polymer  and 
higher  HMX/AP  ratio.  Performance  is  only  0.4  units  below  the  maximum  for  the 
all-SYFO  systems. 

Option  III  -  represents  what  may  be  the  best  from  point  of  view  of 
processing,  with  highest  volume  fraction  binder  and  highest  plasticizer/ 
polymer  ratio,  and  performance  level  0.2  to  0.3  units  better  than  Option  I. 
Disadvantages  include  the  minimum  range  of  acceptable  volume  fraction  polymer 
and  highest  SYFO  content  and  material  cost. 

Option  IV  -  represents  a  combination  of  higher  total  solids  with  the 
same  plast icizer : pc lymer  ratio  and  HMX/AP  ratio  as  Option  I,  with  slightly 
higher  performance,  lower  volume  fraction  polymer  and  lower  material  cost. 

Option  V  -  represents  a  slightly  higher  performance  level  In  the  SYFO 
systems  due  to  higher  HMX/AP  ratio  with  no  other  changes.  In  the  mixed 
plasticizer  systems  the  performance  gain  is  0.9  units.  in  either  system  this 
would  be  a  good  formulation  if  burning  rate  exponent  fell  in  the  acceptable 
range , 
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Option  VI  -  is  based  on  a  higher  total  solids  loading  and  lower 
plasticizer :polyraer  ratio  than  Option  I,  and  is  0.7  units  lower  in  performance 
for  the  SYFO  system  (0.3  units  higher  in  the  mixed  plasticizer  system).  Al¬ 
though  processing  might  present  a  problem  with  this  formulation,  final 
mechanical  properties  should  be  the  best  of  the  seven  options  because  of 
highest  volume  fraction  polymer. 

Option  VII  -  represents  what  may  be  the  best  combination  of  processing 
ease  and  final  mechanical  properties,  based  on  the  highest  volume  fraction 
binder  and  second  highest  volume  fraction  polymer.  Performance  is  close  to 
that  of  Option  I,  but  SYFO  content  and  material  cost  would  be  second  highest 
among  the  8  variations. 

Option  VII t  -  is  based  on  a  reduction  of  HMX/AP  ratio  compared  with 
Option  I  with  no  ocher  changes.  Resulting  performance  loss  is  0.5  units  in 
the  case  of  all  SYFO  systems  and  0.4  units  for  the  mixed  plasticizer  systems, 
with  possible  benefits  of  improved  burning  rate  exponent. 

The  recommended  range  of  formulations  for  both  SYFO  and 
mixed  SYF0/FEF0  formulations,  therefore,  is  from  76  to  82%  total  solids,  from 
3/1  to  1/1  plasticizer/polymer  ratio,  and  from  7/1  to  2/1  HMX/AP  ratio.  The 
recommended  aluminum  level  for  all  systems  of  interest  is  14  to  16  weight 
percent . 

In  order  to  confirm  the  choice  of  optimum  compositions 
based  on  the  Impulse  prediction  model  it  is  recommended  that  during  tiie  early 
part  of  the  program  three  series  of  one-lb  motor  firings  (2C-1.5-11.2  motors) 
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3.  Modification  of  Baseline  Formulation  (U) 
a.  General  (U) 

(U)  The  conclusions  given  in  Section  HI. A. 2  were 

refined  and  extended  with  the  aid  of  additional  calculations  using  an 
actual  PCDE  binder  composition.  A  PCDE/FEF0/A1/AP/HMX  propellant 
composition  which  has  actually  been  prepared  was  taken  as  a  baseline 
against  which  to  judge  the  effects  of  changes  in  composition.  The 
binder  and  baseline  propellant  compositions  are  given  in  Table  VI,  togethe  - 
with  some  calculated  properties. 

(C)  The  thermodynamic  properties  of  FEFO,  SYFO  and  PCDE 

prepolymer  are  compared  in  Table  VII.  The  oxygen  balances  as  measured  by 
the  OMOX  or  OH  ratios  are  in  the  order  PCDE  prepolymer  <  SYFO  <  FEFO . 

The  oxygen  balance  of  the  binder  is  an  important  indicator  as  to  whether 
simultaneous  optimization  at  high  HMX/AP  ratios  and  high  aluminum  content 
is  feasible.  SYFO  has  a  higher  density  and  a  more  endothermic  heat  of 
formation  per  unit  weight  than  FEFO.  In  addition,  the  higher  fluorine 
content  of  SYFO  relative  to  FEFO  aids  in  obtaining  lower  two-phase 
flow  losses  via  formation  of  volatile  aluminum  fluorides  and  may 
contribute  to  good  metal  combustion  efficiency.  Hence,  in  general,  when 
SYFO  is  CsbsLituted  for  FEFO  there  is  an  increase  in  both  delivered 
specific  impulse  and  density,  provided  the  oxygen  balance  is  reasonably 
high.  The  lower  oxygen  balance  of  SYFO  relative  to  FEFO,  however, 
limits  the  gains  expected  from  SYFO  unless  high  plasticizer-to-polymer 
ratios  or  high  solids  loadings  are  employed  resulting  in  optimization 
at  high  HMX/AP  ratios  (3:1  or  greater). 
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TABLE  VI 

COMPOSITION  AND  PROPERTIES  OF  BASELIE  PROPELLANT  (U) 


Composition 


Ingredient 

Weight  1 

Aluminum 

16.0000 

nhacio4 

15.5000 

HMX 

46.5000 

PCDE  prepolymer 

10.4553 

FEFO 

10.4553 

HT 

0.1209 

TD1 

0.8185 

Neozone  D 

0.1000 

FeAA 

0.0500 

HMX/AP 

3:1  wt  ratio 

Plasticizer 

47.52  wt%  of  binder 

Total  solids 

78  wtZ 

Properties 

Tc,  ®K 

3789 

Te. 

2319 

I®  ,  lbf-sec/lbm 
sps 

I15fll  lbf-sec/lbm 

271.5 

260.2* 

OFR 

1.1653 

P»  gm/cc 

1.8928 

p,  lb/ in.'* 

0.0684 

Based  on  ASPC  efficiency  equation  for  high  mass  flow  motor  with 
m  *  400  lh/sec,  given  in  the  Appendix. 


i  m 


1 


■  i 

f! 


I 
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CALCULATED  THERMODYNAMIC  COMPARISON  CF  PLASTICIZERS 
AND  PCDE  PREFOLYMER  (U) 
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b.  Delivered  Specific  Impulse  and  Density  (1.1) 

(C)  The  objective  of  these  calculations  was  to  maximize 

delivered  specific  impulse  and  density  up  to  the  limit.'  imposed  by 
processing,  mechanical  properties,  burning  rate  and  pressure  exponent, 
hazard  rating,  cost,  etc.  In  this  evaluation  .only  small  excursions 
from  the  baseline  variables  (78%  total  solids,  plasticizer  =  47.52%  of 
binder,  HMX/AP  =  3:1  weight  and  16%  aluminum)  were  checked  for  trend. 
Figures  i<j(  20,  and  21  show  the  increases  in  delivered  specific  impulse 
to  be  expected  from  various  single  changes  in  the  baseline  propellant 
plasticized  with  FKFO  alone,  a  1:1  SYFO/FKK0  mixture  (by  weight.), 
and  SYFO  alone.  A  comparison  of  the  three  central  formulations  indicati 
a  small  increase  of  only  0.6  I  units  between  FEFO  and  SYFO  and  an 

sp 

increase  in  density,  as  expected. 

(U)  The  variables  which  augment  the  specific  impulse  of 

the  central  formulations  are  different  in  effect  for  the  two 
plasticizers  and  are  partly  functions  of  the  oxygen  balance  of  the 
plasticizers,  as  mentioned  previously. 

(C)  In  Figure  19,  the  best  s ingle  change  f rom  the  FKFO 

baseline  is  seen  to  be  an  increase  in  solids  from  78  to  8071.  This 
results  in  small  increases  of  both  delivered  specific  impulse  (0.) 
units)  and  density,  but  has  to  be  weighed  against  losses  in  mechanical- 
property  or  processing  potential.  Tin  increase  in  the  HMX/AP  ratio 
from  3/1  to  7/1  also  increases  specific  impulse  (0.3  units)  but 
at  the  sacrifice  of  density.  In  addition,  any  increase  in  HMX 
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FEFO-PLAST IC I ZED  PCDE  PROPELLANTS  (U) 

Effect  of  Various  Single  Changes  Ln  Baseline  Formulation 

on  Predicted  I, r  and  Density 
15s  J 


!’  1  as  t  i  e  i  7.er /Polymer  Weight  X  A1 

Ra  t  i  o 
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Figure  19 
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SYFO/FEFO  (1/1)  PLASTICIZED  PCDE  PROPELLANTS  (U) 

Effect  of  Various  Single  Changes  in  Baseline  Formulation  on 
Predicted  and  Density 


I, c  =  260.9 
15s 


p  =  0.06883 
80%  Solids 


Base liar  with 
SYFO/FEFO  = 

50 ; 50  weight 

260.6 


"15s 

o  =  0.06051 


I.  ,  =261.4 

15s 


p  =  0.06881 


66 . 67%  P 1  is  t  u 
Binder 


P 1 as  t ic i zer / Pa ! yme  r 
Ratio 


I,,  =  260.8 

15s 

l,c  =260.2 

15s 

P  =  0,06831 

P  =  0.06861 

15%  A1 

HMX/AP  =2:1 

Weight  %  A1 

HMX/AP  Ratio 
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Effect  of 


gYFO- PLASTIC I ZED  PCDE  PROPELLANTS 
Various  Single  Changes  In  Baseline 
on  Predicted  I15g  and  Density 


(U) 

Formulati  on 


Weight  /-  Soiids 


Rat  in 
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figure  2  1 
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(C) 


content  must  be  weighed  against  expected  changes  in  the  burning  rate, 
pressure  exponent  and  combustion  efficiency  of  the  propellant.  Smaller 
increases  (0.1  units)  in  specific  impulse  are  obtained  by  increasing 
the  plasticizer-to-polyroer  ratio  (from  47.52%  to  66.67%  of  the  binder), 
which  also  increases  density  but  may  hurt  mechanical  properties. 

Processing  should  be  aided  by  the  higher  plasticizer  level.  The 
slight  increase  in  delivered  specific  impulse  (0.1  units)  obtained  by 
lowering  Al  content  from  16  to  15%  is  obtained  at  the  sacrifice  of 
propellant  density. 

(0)  Figure  20  presents  the  results  of  making  similar  changes 

from  the  central  formulation  with  mixed  FEF0/SYF0  plasticizer.  The 

best  single  change  is  to  increase  the  plasticizer-to-polymer  ratio  from 

47.52%  of  binder  to  66.67%,  resulting  in  an  increase  of  0.8  I  units 

and  an  increase  in  density.  Secondly,  an  increase  of  the  total  solids  80% 

increases  I  by  0.3  units,  along  with  an  increase  in  density.  Decreasing 

sp 

the  aluminum  content  in  the  central  formulation  from  16  to  15%  increases 

I  by  0.2  units,  but  at  the  sacrifice  of  density.  In  contrast  to  the 

all-FEI’O  plasticized  system,  increasing  the  HMX/AP  ratio  to  7:1 

decreases  both  I  and  density.  Decreasing  the  HMX/AP  ratio  to  2:1 

results  in  a  smaller  decrease  of  0.4  I  units  and  an  increase  in  density. 

(C)  The  trends  exhibited  by  the  mixed  FEFO/SYFO  plasticizer 

are  even  more  pronounced  with  the  all-SYFO  plasticized  system,  as  shown 

in  Figure  21.  The  best  single  change  from  the  central  formulation  is 

to  increase  the  plasticizer  content  of  the  binder  from  47.32%  to 

66.67%,  resulting  in  an  increase  of  1.1  I  units,  which  also  results 

sp  ’ 

A  change  in  oxidizer  from  3:1  HMX/AP  to  7:1  produces 
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in  a  density  increase. 
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((')  a  large  decrease  in  I  and  density.  Decreasing  the  IIMX/AP  ratio 

sp 

to  2:1  decreases  I  only  by  0.1  unit  while  increasing  density. 

A  slightly  lower  HMX/AP  ratio  could  also  lower  the  burning  rate,  pressure 

exponent,  and  cost  of  the  propellant.  Again,  increases  in  I  are 

obtained  by  increasing  solids  to  80%  or  by  decreasing  aluminum  content. 

(C)  Combinations  of  the  above-mentioned  single  changes  au;;t.vnr 

the  delivered  I  and  density  for  these  systems  even  further.  Thus  a 
sp 

combination  of  increased  plasticizer  level,  higher  total  solids, 
higher  HMX/AP  ratio,  and  lower  aluminum  increases  the  delivered  I 
of  the  FEFO  baseline  propellant  by  1.5  I  units  and  the  SYFO  baseline 
propellant  by  1.9  I  units.  These  changes  are  presented  in  Figure  22 
and  Tables  Vlll  through  X. 

c.  Effective  Specific  Impulse  (i:)  (U) 

(U)  Tradeoffs  between  delivered  specific  impulse  and  density 

are  most  conveniently  evaluated  by  use  of  the  Omega  Function  or 

£ 

Effective  Specific  Impulse,  defined  by  the  equation  S:  =  l^gfp/Pg)  * 
in  which  is  the  propellant  density,  is  a  reference  density, 

3 

customarily  taken  as  1.8  gm/cc  =  0.06b  lb/in.  ,  and  K  is  dependent  on  the 
missile  stage  and  design  parameters.  K  is  approximately  0.3  for 
uppil -st age  vehicles.  Section  1  i  I  .  A.  2  .h  .  (  ))  d<  scribes  the  derivation  of  this 
equation  and  justifies  Us  use  by  showing  that  conclusions  from 
calculations  agree  closely  with  those  based  on  actual  range  calculations. 
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TABLE  VIII 

SUMMARY  OF  VARIATIONS  IN  BASELINE  FORMULATION 
OFFERING  INCREASES  IN  DELIVERED  SPECIFIC  IMPULSE 
I:  FEFO  PLASTICIZER  (U) 

7.  Plasticizer  *15s 


%  A1  % 

Solids 

in  Binder 

HMX/AP 

sec 

<1j  Tb/_in 

BASELINE  16 

78 

47.52 

3:1 

260.2 

.06838 

Single  Changes 

A 

16 

80 

47.52 

3:1 

260.5 

.06871 

B 

16 

78 

47.52 

7  : 1 

260.5 

.06756 

C 

16 

78 

66.67 

3:1 

260.3 

D 

15 

78 

47.52 

3:1 

2  b0.3 

.Of 

Double  Changes 

E 

16 

78 

66.67 

7:1 

261.3 

.06846 

F 

16 

80 

47.52 

7:1 

261.0 

.06853 

G 

15 

78 

47,52 

7:1 

260.8 

.06801 

H 

15 

80 

47.52 

3:1 

260.6 

.06831 

I 

16 

80 

66.67 

3:1 

260.5 

.06894 

J 

15 

78 

66.67 

3:1 

260.4 

.06843 

Triple  Changes 

K 

16 

80 

66.67 

7:1 

261.5 

.06876 

L 

15 

80 

47.52 

7:1 

261.2 

.06833 

Quadruple  Changes 

M 

14 

80 

66.67 

7:1 

261.7 

.  068  i3 

N 

15 

80 

66 .67 

7:1 

261.6 

. 0685b 
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TABLE  IX 

SUMMARY  OF  VARIATIONS  IN  BASELINE  FORMULATION 


OFFERING  INCREASES  IN  DELIVERED  SPECIFIC  IMPULSE 
II:  SYFO/FEFO  PLASTICIZER  (1/1)  (U) 

7.  Plasticizer  ^lSs 

%  Al  %  Solids  in  Binder  HMX/AP  sec 

P,  jWin 

BASELINE 

16 

78 

47.52 

3:1 

260.6 

.06851 

Single 

Changes 

A 

16 

78 

66.67 

3:1 

261.4 

.06881 

B 

16 

80 

47.52 

3:1 

260.9 

.06883 

C 

15 

78 

47.52 

3:1 

260.8 

.0683! 

Double 

Changes 

D 

16 

78 

66.67 

7:1 

261.7 

.06864 

E 

16 

80 

66.67 

3:1 

261.4 

.06911 

F 

14 

80 

47.52 

3:1 

261.2 

.06843 

G 

15 

80 

47.52 

3:1 

261.1 

.06863 

H 

14 

78 

47.52 

7:1 

261.1 

.06794 

I 

16 

80 

47.52 

7:1 

261.0 

.06865 

Triple 

Changes 

J 

16 

80 

66.67 

7:1 

262.1 

.06893 

K 

15 

78 

66.67 

7:1 

262.0 

.06844 

L 

14 

78 

66.67 

7:1 

262.0 

.06823 

M 

15 

80 

66.67 

3:1 

261.5 

.06891 

N 

15 

80 

47.52 

7:1 

261.4 

. 06845 

Quadruple  Chang 

;es 

0 

15 

80 

66.67 

7:1 

262,2 

.06873 

i' 

14 

80 

66.67 

7:1 

262.2 

.  06S52 
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TAB'.K  X 

SUMMARY  OF  VARIATIONS  IN  BASELINE  FORMULATION 
OFFERING  INCREASES  IN  DELIVERED  SPECIFIC  IMPULSE 
III:  SYFO  PLASTICIZER  (U) 


7.  A1  Z 

Solids 

%  Plasticizer 
in  Binder 

HMX/AP 

Ra  t  io 

1 

'15s 

sec 

p,  lb/in 

BASELINE  1  6 

78 

47.52 

3:  1 

260.8 

.06864 

Single  Changes 

A 

16 

78 

66.67 

3:1 

261.9 

.06900 

it 

13 

78 

47.52 

3:1 

261.9 

.06804 

c 

1  A 

80 

47.52 

3:1 

261.3 

Double  Changes 

D 

14 

78 

66 .67 

3:1 

262.2 

.06863 

E 

lh 

80 

66.67 

3:1 

262.1 

.06928 

I. 

1  5 

78 

66 .67 

J: ! 

262.1 

.06897 

>■ 

14 

80 

A7 .52 

3:  i 

261.6 

CO 

o 

li 

15 

8u 

4  7.52 

3:1 

261.5 

.06875 

1 

16 

78 

66 ,67 

7:1 

261.4 

.06882 

'l  l  i  j> )  e  Changes 

J 

LA 

78 

66 . 6  7 

7:1 

262.4 

.06841 

K 

15 

•30 

66.67 

3:1 

262.3 

.06907 

i. 

Hi 

80 

6(..67 

7 : 1 

262.1. 

.06910 

M 

J  ) 

78 

66.67 

7  :  l 

262.1 

.00862 

N 

14 

80 

47.52 

/ :  1 

261.6 

,0683b 

( i 

1  5 

SO 

4  7.52 

7:1 

261 . 3 

.06857 

•  Quadruple  Changes 

F 

JA 

80 

60.6? 

7  :  1 

262  .7 

. 06869 

■ 

i  > 

80 

66.6/ 

/  :  1 

262.6 

.06889 

•  u  5  - 
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(C)  The  effect  of  excursions  from  che  baseline  formulation 

on  Effective  Specific  Impulse  was  evaluated  in  the  same  manner  as 
for  in  the  preceding  section.  The  variables  investigated  were 

total  solids,  HMX/AP  weight  ratio,  plasticizer-to-polymer  ratio, 
aluminum  content  and  change  of  plasticizer  from  FEFO  to  SYFO.  Figures  23, 

2U  and  25  show  the  effect  of  various  single  changes  in  the  baseline  formulations 

plasticized  with  FEFO,  mixed  FEFO/SYFO  (1/1)  and  SYFO  on  \t  for  upper-sr aiv 
applications.  An  increase  in  solids  loading  generally  increases  both 
delivered  I  and  density  and,  therefore,  tends  to  augment  (:  for  all 
systems.  This  change,  of  course,  has  to  be  evaluated  in  terras  of  the 
probable  effect  on  processing  and  required  mechanical  properties.  Likewise, 
the  plasticizers  have  higher  densities  and  higher  oxygen  balances  than  the 
PCDE  polymer  so  that  any  increase  in  plasticizer-to-polymer  ratio 
also  tends  to  increase  the  Effective  Specific  Impulse.  A  high  oxygen 
balance  is  required  for  simultaneous  optimization  at  reasonably  high 
aluminum  and  HMX/AP  ratios.  The  plasticizer  level  is  extremely 
important  for  the  SYFO  system  since  SYFO  has  a  lower  oxygen  balance 
than  FEFO.  Only  minor  gains  are  realized  by  altering  the  aluminum 
content  or  HMX/AP  ratio  from  the  baseline  formulation.  These  latter 
changes  have  opposing  effects  in  these  systems.  For  example,  increasing 
aluminum  content  increases  density  but  Increases  two-phase-flow  losses 
(and  lowers  oxygen  balance)  lowering  specific  impulse  efficiency.  Increasing 
HMX/AP  ratio  decreases  both  density  and  oxygen  balance  so  that 
increases  in  F.ffective  Specific  Impulse  are  realized  only  in  systems 
a  I  ready  at  high  oxygen  balance. 
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EFFECT  OF  SINGLE  CHANCES  IN  BASELINE  FORMULATION  ON  EFFECTIVE 
DELIVERED  SPECIFIC  IMPULSE  (K.  =  0.3);  FEFO  PLASTICIZER  (U) 
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Figure  23 
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EFFECT  OF  SINGLE  CHANGES  IN  BASELINE  FORMULATION  ON  EFFECTIVE 
DELIVERED  SPECIFIC  IMPULSE  (K  =  0.3);  SYFO  PLASTICIZER  (U) 


-69- 

CQNFIDENTIAL 


Figure  25 


CONFIDENTIAL 


Tables  XI,  XII  and  XIII  present  a  summary  of  the  gains  to 

be  realized  in  the  Effective  Specific  Impulse  parameter  from  various 

multiple  alterations  in  the  baseline  formulations.  In  summary, 

altering  all  the  variables,  i.e.,  2%  increase  in  solids,  increase  of 

plasticizer-to-polymer  ratio  to  2:1,  increasing  the  UMX/AP  ratio  to  7:1 

and  optimizing  the  aluminum  content,  results  in  a  gain  of  only  about  2  I 

units  for  any  of  the  three  baseline  propellants.  In  particular,  tl  ere  Is 

an  increase  of  only  about  one  I  unit  in  both  the  baseline  formulations 

sp 

and  the  best  optimized  formulations  between  KEFO  and  SYFO.  This  is  a 

result  of  the  lower  oxygen  balance  of  SYFO.  The  result  is  that  the  SYFO 

system  optimizes  at  either  lower  UMX/AP  ratios  or  lower  aluminum 

contents  than  the  FEFO  system.  For  example,  at  80  solids,  2:1  plasticizer/ 

polymer  ratio  and  HMX/AP  weight  ratio  of  7:1,  the  FEFO-plasticized 

system  optimizes  at  17%  Al,  the  mixed  FEFO/SYFO-plasticized  system  optimizes 

at  16%  Al  and  the  all  SYFO-plast icized  system  optimizes  at  15%  Al . 

At  16%  aluminum  the  SYFO  plasticized  system  optimizes  at  HMX/AP  =*  3:1, 
which  has  an  Effective  Specific  Impulse  equal  to  the  value  for  the  7:1 
HMX/a,  optimized  system. 

(U)  In  conclusion,  these  results  show  that  only  small 

differences  in  performance  can  be  expected  by  changes  in  composition 
within  the  limits  imposed  by  practical  considerations  such  as 
processability,  etc.  Furthermore,  these  results  are  based  on  a 
performance-prediction  method  which  has  not  yet  been  shown  to  be  applicable 
to  the  present  propellant  s-ystems,  which  confirms  the  correctness 
of  the  selected  approach,  which  is  in  select  compositions  to.  scale-up 
on  the  basis  of  actual  motor-firing  results. 
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TABLE  XI 

SUMMARY  OF  VARIATIONS  IN  BASELINE  FORMULATION 
OFFERING  INCREASES  IN  EFFECTIVE  SPECIFIC  IMPULSE 
I:  FEFO  PLASTICIZER  (U) 


%  A1  % 

Solids 

/  Plasticizer 
in  Binder 

HMX/AP 

Weight  Ratio 

“0.3 

sec 

Baseline 

16 

78 

47.52 

3:1 

264.1 

Single  Change 

A 

16 

80 

47.52 

3:1 

264.8 

B 

16 

78 

66.67 

3:1 

264.6 

C 

17 

78 

47.52 

3:1 

264.2 

D 

16 

78 

47.52 

7:1 

264.2 

Double  Change 

E 

16 

78 

66.67 

7:1 

265.3 

F 

16 

80 

66.67 

3:1 

265.1 

c; 

16 

80 

47.52 

7:1 

265.1 

H 

17 

80 

47.52 

3:1 

264  .9 

1 

1  7 

78 

66.67 

3:1 

264.8 

J 

15 

78 

47.52 

7:1 

264 . 3 

Triple  Change 

K 

16 

80 

66.67 

7:1 

266.0 

L 

17 

78 

66.67 

7:1 

265.3 

M 

18 

80 

66.67 

3:1 

265.3 

N 

15 

80 

47.52 

7:1 

265.1 

Quadruple  Change 

0 

17 

80 

66.67 

7:1 

266.1 

« 
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TABLE  XII 

SUMMARY  OF  VARIATIONS  IN  BASELINE  FORMULATION 
OFFER 1 NO  INCREASES  IN  EFFECTIVE  SPECIFIC  IMPULSE 
II:  MIXED  FEFO/SYFO  PLASTICIZER  (U) 


/  A1  % 

Solids 

%  Plasticizer 
in  Binder 

HMX/AP 

Weight  Ratio 

u .  3 

sec. 

Basel  iise 

16 

78 

47.52 

5:1 

264.7 

Single  Change 

A 

16 

78 

66  . 67 

3:1 

265.9 

B 

16 

80 

47.52 

3:1 

265.4 

C 

15 

78 

47.52 

3:1 

264  .  > 

Double  Change 

i) 

16 

80 

66.67 

3:1 

266.1 

E 

16 

78 

66 . 67 

7:1 

266.0 

V 

15 

78 

66.67 

3:1 

265.6 

0 

15 

78 

47.52 

7:1 

265.5 

11 

17 

80 

47.52 

3:1 

265.4 

1 

16 

80 

47.52 

7:1 

265.3 

Triple  Change 

J 

16 

80 

66.67 

7:1 

266.6 

K 

17 

80 

66.67 

3:1 

266.3 

L 

15 

78 

66 .67 

7:1 

266.0 

M 

15 

80 

47.52 

7:1 

265.4 

Quadruple  Change 

N 

15 

80 

66,67 

7:1 

266.5 
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TABLE  XIII 

SUMMARY  OK  VARIATIONS  IN  BASELINE  FORMULATION 
OFFERING  INCREASES  IN  EFFECTIVE  SPECIFIC  IMPULSE 
III:  SYFO  PLASTICIZER  (U) 


X  AJ 

%  Solids 

X  Plasticizer 
in  Binder 

HMX/AP 

Weight  Ratio 

“0.3 

sec 

i  ?»«-•  1  i  ni.' 

s  i  ug  ]  */ 

lb 

Change 

78 

47.52 

3:1 

265.0 

A 

IE 

78 

66 . 67 

3:1 

266.6 

B 

1(» 

80 

47.52 

3:1 

265  .  i 

1  5 

78 

4  7.52 

3:1 

26  5.. 

U 

Ljouo  1  ^ 

16 

Change 

78 

47.52 

2:1 

26':  .  1 

1 

16 

80 

66 , 67 

3:1 

267.1 

F 

lb 

78 

66.67 

3:1 

266.5 

i, 

lb 

80 

47.52 

3:1 

265.9 

11 

1  6 

78 

66 . 6/ 

7:1 

265.9 

1 

1  S 

7  8 

47.52 

2:1 

265.0 

liiple  Change 


.1 

1  5 

80 

06.67 

3:1 

267  .0 

K 

16 

80 

t)6 .  b  7 

7:1 

266.9 

1. 

1  5 

78 

(>0.0/ 

7  : 1 

266 . 4 

M 

14 

80 

47  .b2 

7:1 

265.5 

ijinni ru|>  1 1*  Change 

15 

80 

M-  .  0/ 

7:1 

267 . 1 
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B.  CHARACTERIZATION  OF  INGREDIENTS  (U) 

1.  PCDE  Purity  and  Purification  (U) 

a.  Introduction  (U) 

(C)  Work,  was  begun  on  identifying  and  eliminating  possible 

impurities  in  PCDE  which  interfere  with  cure.  During  a  company- 
sponsored  program  on  PCDF./FEFO  propellants  in  1972,  pot  life  was  found 
to  be  a  major  problem.  This  was  attributed  to  the  fact  that  a  much 
larger  concentration  of  catalyst  (about  0.05  wt%  FeAA)  was  needed  to 
sustain  polymerization  than  is  needed  in  conventional  polyurethane 
propellants.  Attempts  to  use  less  catalyst  often  resulted  in  unreliable 
cures.  A  similar  problem  had  been  reported  on  the  PCDE  Propellant  Studies 
program  (Ref.  10),  Since  different  plasticizers  (l'METN  and  BDNPA/F) 
are  employed  on  that  program  than  on  this  one,  it  appears  that  the  common 
source  of  difficulty  may  be  related  to  the  PCDE.  Submixes  (PCDE/TMETN) 
containing  PCDE  purified  by  passage  over  Linde  13X  molecular  sieves 
were  reported  to  provide  propellant  exhibiting  greater  extent  of  cure  and 
requiring  lower  FeAA  concent  rat  ion  than  for  untreated  PCDE  (Ref.  10). 
Accordingly,  an  effort  was  made  to  investigate  the  advisability  of 
pretreating  PCDE  to  he  used  with  SYFO  and  HER)  plasticizers. 

b.  Detection  of  Carbonyl  Impurity  (U) 

(C)  The  as-received  PCDE  methylene  chloride  solution 

(2,264  gm,  18.3  wt%  solution.  Lot  No.  LR-12260-44)  was  passed  once 
through  929  gm  of  1 3X  molecular  sieves  in  a  3.75-in.  diameter  column. 
Recovery  was  83%  (determined  by  vacuum  stripping  of  an  aliquot)  with  no 
attempt  to  elute  the  column  with  fresh  solvent.  Comparison  of  infrared 
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spectra  (Figures  26  and  27),  taken  before  and  after  treatment,  is 
instructive.  Untreated  PCDE  has  a  strong  absorption  band  with 
frequency  between  1700  and  1730  cm  ^  and  peaking  about  1715  to  1718  cm  \ 
This  region  is  usually  assigned  to  carbonyl  and  -C=N-  absorption  and  thus 
may  be  considered  an  impurity.  An  infrared  spectrum  of  the  PCDE  precursor 
PBEP  taken  at  Aerojet  in  1966,  Figure  28,  shows  only  slight  absorption  in 
the  same  region,  but  quite  different  from  the  carbonyl  band  in  PCDE 
before  treatment  with  molecular  sieves.  The  shape  of  the  trace  for  PBKP 
between  1700  and  1800  cm  ^  is  very  similar  to  that  for  treated  PCDE 
in  the  same  frequency  region. 

c.  Identification  of  Carbonyl  Impurity  (U) 

(C)  The  source  of  the  carbonyl  absorption  band  was 

found  to  be  acetone.  Its  identity  was  shown  conclusively  by 
isolating  a  2 ,4-dinitrophenylhydrazone  from  as-received  PODE-methy 1 ene 
chloride  solution.  There  did  not  appear  to  be  a  mixture  of  derivatives. 
After  recrystallization  twice  from  methanol-water  solution,  the  melting 
point  of  the  derivative  was  124-125°C  (reported  m.p.  L25°C).  The 
infrared  spectrum  of  the  derivative  (KBr  pellet)  showed  no  absorption 
attributable  to  nitrile,  thus  eliminating  PCDE  polymer  involvement.  A 
mixed  m.p.  of  the  derivative  with  the  2 , 4-d i n t t rophenyThydrazone  of  an 
authentic,  sample  of  acetone  purified  similarly  showed  no  depression. 

d.  Purification  by  Vacuum  Distillation  (U) 

((')  The  concentration  of  acetone  in  as-received  PCDE 

was  found  to  be  greater  than  4%.  A  weighed  sample  of  PCDE  which  had 
been  stripped  under  vacuum  at  48°C  for  4.5  hours  was  vacuum-stripped 
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.iv*.  a  In  at  82  to  87°C  for  9.5  hours,  resulting  in  a  weight  loss  of  4.2% 
at  the  higher  temperature. 

(C)  Undoubtedly  some  acetone  was  also  lost  during  the 

lower-temperature  stripping.  Loss  of  acetone  during  stripping  was 
accompanied  by  reduction  of  carbonyl  absorption  in  the  infrared,  but 
some  loss  in  nitrile  absorption,  as  well  as  C^  band  absorption,  was 
also  detected  at  the  conclusion  of  the  high-temperature  stripping. 

This,  as  well  as  the  detection  of  HCN  in  the  atmosphere  above  PCDE-methy lene 
chloride  solutions,  suggests  the  possibility  of  vinyl  ether  formation  in 
the  polymer  backbone  by  a  reaction  such  as 


CN  -» 


NF„ 

I  1 

-0-CH=C - 1 


HCN 


Conditions  favoring  the  loss  of  HCN  should  be  explored  with  a  view  towards 
inhibiting  this  undesirable  side  reaction.  At  any  rate,  stripping  in 
the  presence  of  plasticizer  at  a  lower  temperature  is  expected  to  minimize 
the  loss  of  HCN.  It  will  be  shown  in  Section  1II.B.2  that  acetone  Is  more 
easily  removed  from  a  SYFO-PCDE  solution  when  the  SYFO  content  is  high 
and  the  viscosity  is  relatively  low. 

e.  Purification  by  Molecular  Sieve  Treatment  (U) 

(U)  As  stated  earlier,  the  infrared  carbonyl  absorption 

in  as-received  PCDE  is  also  reduced  by  treatment  with  13X  molecular  sieves, 
with  one  pass  giving  a  recovery  of  83%.  A  second  passage  of  313  gm 
of  the  one-pass  PCDE  solution  (10.8  wt%  concentration)  through  125  gm 
of  1 3X  molecular  sieves  (0.27  gm  PCDE/gm  sieves)  in  a  1.25-in.  diameter 
column  yielded  415  gm  of  6.8  wt%  PCDE  solution,  or  about  84%  recovery. 
Another  2.2  gm  of  PCDE  (6.5  wt%)  was  recovered  by  eluting  the  column  with 
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additional  methylene  chloride.  In  all,  91%  recovery  (Including 
washing  from  the  column)  was  achieved  on  the  second  pass.  Quantitative 
measurements  of  the  carbonyl  absorption  band  showed  a  reduction  of  57% 
after  one  pass  through  molecular  sieves  and  77.5%  after  the  second  pass. 

It  should  be  noted  that  FCDE-methylene  chloride  solution  is  shipped  over 
1 3X  molecular  sieves  by  the  vendor. 

If  vacuum  stripping  alone  removes  all  of  the 
undesirable  impurities  in  PCDE,  this  would  be  the  preferred  method  of 
purification  with  respect  to  both  economy  and  efficiency,  because  the 
amount  of  labor  would  be  lower  and  because  the  loss  of  PCDE  on  the  column 
would  be  eliminated.  It  rcamins  to  be  determined,  however,  if  the 
molecular  sieve  treatment  provides  a  superior  product. 

2 .  Spectral  Studies  of  SYFO  and  FEFQ  (l!) 
a.  Infrared  Spectra 

Spectra  are  presented  for  SYFO,  EEFO ,  PCDE/FEFO  (1/1 
by  weight),  and  PCUE/SYFO  (1/1  by  weight)  in  Figures  29  through  32. 

The  spectra  for  PCDE/FEFO  and  PCDE/SYFO  is  being  used  tc  develop  an 
infrared  technique  for  determining  the  concentration  of  each  plasticizer 
(singly)  in  PCDE  subintxes,  by  employing  nitro-group  absorption  at 
approximately  loOO  cm  ^ .  This  would  be  particularly  convenient  since 
the  submix  is  prepared  from  PCDE-methy lene  chloride  solution,  the 
concent  rat  ion  of  which  tends  to  vary  each  time  a  container  is  opened. 

It  is  less  convenient  to  determine  the  concentration  of  individual 
i oust i t uents  in  a  PCDE/SYFO/FEFO  submix  using  infrared  techniques, 
because  SYFO  and  FEFO  exhibit  similar  absorption  peaks. 
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Figure  32 
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b.  Precision  of  Inf rared - Annlyt 1 cnl  Method 

The  precision  of  the  infrared  method  for  determining 
the  PCDK/SYFO  weight  ratio  was  tested  with  several  submixes,  The  first 
two  were  made  up  to  a  weight  ratio  of  approximately  l/I  by  weighing  the 

methylene  chloride  solutions,  but  because  of  the  possibility  of  loss 
of  some  of  the  volatile  methylene  chloride  before  weighing,  the  true 
concentrations  of  PCDE  and  SYFO  could  not  be  determined  accurately. 

The  first  submix,  stripped  for  about  4  hours  at  49°C  (before  acetone  h  m.) 
been  discovered  in  the  solution)  contained  51.7  and  52.0,  or  51.8  average 
wt'2  SYFO.  The  second  submix  was  heated  under  vacuum  for  27  hours  at  49°C, 
much  longer  than  necessary  to  eliminate  the  carbonyl  peak  from  the 
spectrum.  The  infrared  analyses  indicated  50. J  and  48.3,  average  49.2 
wt%  SYFO,  with  no  indication  of  loss  of  nitrile  at  this  temperature. 

These  results,  particularly  on  the  second  sample,  are  less  than 
satisfactory,  and  attempts  will  be  made  to  improve  the  precision. 

Two  additional  submixes  demonstrated  the  precision 
of  the  method  at  other  concentrations,  and  also  showed  that  the  ease  of 
removal  of  acetone  was  dependent  on  SYFO  concentration,  undoubtedly 
because  of  the  greater  ease  of  diffusion  of  acetone  through  a  more  fluid 
solution.  A  SYF0/PCDH/CH^C19  solution  made  up  to  contain  approximately 
a  1/3  wt  ratio  of  SYFO  to  PCDK  still  showed  carbonyl  absorption  in  the 
infrared  after  20  hours  of  vacuum  stripping  at  45°C.  After  an  additional 
16  hr  at  55°C  the  carbonyl  absorption  was  gone.  The  resulting  submix 
was  extremely  viscous,  rather  like  tar.  Another  solution  was  ..aide  up 
to  contain  approximately  a  3/1  SYFO/PCDE  ratio.  This  solution  still 
showed  some  carbonyl  absorption  after  17  hours  at  18°C,  but  only  6 


UNCLASSIFIED 


CONFIDENTIAL 


(U)  hours  additional  at  45°C  was  sufficient  to  eliminate  It,  The 

resulting  submix  was  honey-like  In  v 1 acosi ty--much  less  viscous  than  the 
1/3  submix.  Quantitative  Infrared  analysis  Indicated  33.6  and  35.1, 
average  34.4,  wt%  SYFO  in  the  first  submix  and  71.4  and  73.4,  average 
72.4,  wt%  SYFO  in  the  second  submix. 

c.  NNR  Spectra  of  SYFO  and  FKFO  (U) 

(LI)  Nuclear  magnetic  resonance  (NMR)  traces  for  FKFO 

and  SYFO  are  shown  In  Figures  33  and  34.  Peaks  (a)  (s ,  OCH^O)  and 
(b)  (d,  CNO^CH^)  in  FKFO  correspond  to  (d)  and  (c)  respectively  in 
SYFO.  Although  the  determination  of  SYFO  In  admixture  with  FF.FO  has  not 
yet  been  a  problem.  It  is  apparent  from  inspection  of  the  NMR  traces  that 
it  may  be  accomplished  using  this  technique.  The  scan  for  this  sample 
of  SYFO  correlates  satisfactorily  with  that  of  a  96 %  pure  sample 
reported  by  SRI  (Ref. 11).  , 

3.  Thermal  Stability  Studies  ( U ) 

(C)  A  brief  investigation  was  made  of  the  effect  of  certain 

stabilizers  on  the  I)TA  exotherms  of  PCDK/FKFO  (1/1)  and  PCDK/SYFO  (1/1) 
submixes.  The  stabilizers  selected  were  the  antioxidants  AO-2246, 

OUR,  Neozone  l),  and  Santlcizer-8.  The  results  are  summarized  in  Table 

XIV.  F.xcept  for  AO-2246  there  appears  to  bo  no  marked  effect  of  the  additives 

on  the  thermal  stability  of  the  submixes.  The  onset  of  exotherm  (195°F) 

for  PCDK/FKFO  (l/l)  containing  2wt'£  AO-2246  is  lower  than  the  other  values 

in  the  FKFO  series.  Similarly,  the  onset  of  exotherm  255°F  for 

PCDK/SYFO  (1/1)  containing  2  wt 7.  AO-2246  is  also  lower  than  fot  other  mixtures 

In  the  series.  The  study  Is  preliminary  and  of  itself  not  conclusive. 
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(C)  Neozone  IT  has  been  selected  for  current  use  in  PCDE/SYFO  propellants, 
but  the  final  choice  of  stabilizer  for  candidate  propellants  will  be 
made  after  consideration  of  propellant  aging  and  hazard  properties. 

4  .  Hazard  1’ rope r t  ies  ( IJ ) 

a.  SYFO  and  SYFO-Contain ing  Ingredients  (U) 

(0)  Impact  and  friction  sensitivities  and  DTA  for 

SYFO  and  SYFO  mixtures  were  measured  using  the  first  Lot  of  pure  SYFO 
received  from  SRI,  and  in  one  case,  the  first  lot  of  Roeketdyne  SYFO. 

The  results  are  shown  in  Table  XV,  along  with  data  for  TVOPA  for 
comparison.  The  friction  sensitivity  of  neat  SYFO  was  unusually 
high  (for  a  liquid),  but  fortunately  mixtures  of  SYFO  with  FEFO 
and/or  PCtTE  are  much  less  sensitive.  Preliminary  tests  of  neat  SYFO 
on  the  sliding  friction  apparatus  indicate  high  sensitivity  here  as 
well.  Results  will  be  reported  at  a  future  data  when  additional  testing 
is  completed.  The  impact  sensitivity  of  13  cm/2-Kg  wt  for  neat,  semi- 
crystalline  SYFO  on  a  bare  anvil  is  considerably  worse  than  for  TVOPA. 
Under  the  same  conditions,  PCDE/SYFO  (1/1)  had  an  impact  s  '  c.sitivity  of 
97  cm/ 2- Kg  wt ,  and  the  values  for  SYFO/FEFO  (1/1)  and  PCDE/SYFO/FEFO 
(2/1/1)  were  over  100  cm/2-Kg  wt  in  each  case.  Even  at  2.62 
SYFo/1  I’CDF  (72.4%  SYFO),  the  impact  and  friction  sensitivities  were  good. 
I iT A  traces  were  within  expected  limits.  It  is  concluded  that,  although 
neat:  SYFO  is  quite  sensitive,  it  is  readily  phlegmatized  to  a  significant 
extent  by  dilution  with  PCDE  or  FEFO. 

b.  Effect  of  Molecular  Sieve  Treatment  (U) 

(II)  Treatment  of  PCDE  with  13X  molecular  sieves  did 

not  appear  to  have  any  effect  on  the  hazard  properties  of  a  PCDF./FEFO 
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(L/l)  submix  as  shown  by  Table  XVI. 

TABLE  XVI 

SENSITIVITY  OF  MOLECULAR  SIEVE-TREATED  PCDE/FEFO  (1/1)  (U) 

(C)  Molecular  Conventional 

Sieve-Treated  _ Stripping 

Impact,  cm/2-Kg  wt 

(50%  pt)  38  39 

DTA  exotherm,  °F 

Onset  349  308 

Peak  395  409 

Rotary  friction, 

gm  (?  3000  rpm  >4000  >4000 

(U)  The  hazard  properties  of  propellants  containing 

molecular  s  Ieve-treated  PCDE  do  not  appear  to  be  any  different  from 
those  of  propellants  containing  conventionally  stripped  PCDE  (presumably 
containing  some  acetone).  (See  Section  III.C.) 

C.  PROPELLANT  FORMULATION  STUDIES  (U) 

(C)  To  date,  only  exploratory  70-gm  propellant  batches  have  been 

made.  Alt  contained  16  wt%  A1 ,  46.5  wt%  A1 ,  46.5  wtZ  HMX,  and  15.5  wt% 

AP ,  or  78  wu%  total  solids,  and  all  binders  were  made  with  PCDE/HT/TDI 
equivalents  ratios  of  70/30/105. 

(U)  Two  batches  of  a  PCDE/SYFO  propellant  were  prepared  with  a 

PCDE/SYFO  weight  ratio  of  1/1.  The  compositions  and  properties  are  shown 
in  Table  SVII.  The  testability  was  very  poor,  but  the  mechanical  propertie 
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are  quite  encouraging.  The  difference  In  friction  sensitivity  of  the 
two  batches  may  be  reLated  to  the  difference  in  hardness,  but  this 
observation  will  require  confirmation.  It  should  be  noted  that  these 
baLches  were  prepared  before  acetone  had  been  detected  in  the  1'COG,  so  that 
the  conventional  stripping  technique  used  to  remove  the  methylene  chloride 
shipping  solvent  may  have  left  some  acetone  in  the  propellants. 

(D)  Four  hatches  of  propellant  were  made  with  PCIJK/SYFO/FKFO 

weight  ratios  of  2/1/1.  Again,  these  may  have  contained  some  acetone. 

The  properties  are  shown  in  Table  XVIII.  The- processability  was  poor,  but 
better  than  that  of  the  PCDK/ SYR)  propellants  described  above.  All  flowed 
well  on  vibration.  Cures  were  obtained  with  both  FeAA  and  dibutyltin 
dilaurate.  The  mechanical  properties  are  encouraging  for  this  series  also, 
and  the  sensitivity  tests  do  not  indicate  any  serious  problems  at  this  time. 
(C)  Ollier  propellant  studies  are  being  done  with  the  PCDK/FKKO 

system  in  order  to  conserve  SYFO  when  this  can  be  done  without  affecting 
the  results  of  the  study.  For  example,  experiments  wit!)  other  triols  and 
d i i soeyanatos  are  in  progress.  Two  batches  were  made  to  compare  molecular 
sieve-treated  PCDK  with  conventionally  stripped  PCDK.  Pertinent  data  are 
presented  in  Table  XIX.  Patch  No.  B2J-36C.  containing  conventionally 
stripped  PCDK  (without  regard  for  ketone  content),  was  removed  from  the 
curing  oven  with  a  Shore  A  hardness  of  38  after  4  days  at  110° F.  The 
propellant  with  molecular  sieve-treated  PCDK,  B23-36A,  had  a  Shore  A 
hardness  of  42  after  a  2-day  cure  and  was  cut  after  5  days  of  cure 
(Shore  A,  44).  l.ater  work  indicated  that  cure  may  extend  over  longer 
periods  at  the  lower  catalyst  level  employed  (0.02  wtZ) ,  so  that  a  direct 
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Table  XVII 

PROPERTIES  OF  PRELIMINARY  PCDE-SYFO  PROPELLANTS 


Batch  No.  B-23-  31A 


Binder  Ingredients,  Wt% 

PCDE  10.47 

SYFO  10.47 

Hexanetriol  0.12 

TDI  0.82 

FeAA  0.05 

Neozone  D  0,10 

Core,  Days  at  110°F  4 


Hardness  ,  Shore  A  74 


Has  tab i 1 i ty  Very  Poor 

Mechanical  Properties  (avg.  of  5  mlnibars) 


E  ,  psi 
o 

Sens  it iv  1  ty 

Impact,  cm/2-kg  wt , 

50%  pt  (BuMines  apparatus) 

Uncured 

Cured 

DTA ,  °F,  Exotherm  Onset 

Uncured 

Cured 

Lgnition, 

Uncured 

Cured 

Rotary  friction,  gm  at  3000  rpm 

Uncured 

Cured 


Too  Hard 
To  Cut 


12 

11 


300 

330 


415 

412 


840 

400 


*  Both  with  16  wt%  A1  (MDX-65) ,  30.5  wt%  HMX-A  (ctd) , 
15.5  wt%  130pm  AP  (ctd);  70-gm  batches. 
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(U) 


36D 


10.47 

10.47 

0.12 

0.82 

0.02 

0.10 

3 

49 

Very  Poor 


99 

27 

30 

446 


15 

9 


320 

290 


413 

420 


1280 

^4000 


16  wt  %  HMX-E , 
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Table  XVIII. 

PROPERTIES  OF  PRELIMINARY  PCDE-SYFO-FKFO  PROPELLANTS*  (U) 

Batch  No.  B-23- 

Blnder  Ingredients,  Wt% 

PCDE 
SYFO 
FEFO 

Hexanetriol 
TDI 
FeAA 

Neozone  D 

Cure ,  Days  at  110°F 
Hardness ,  Shore  A 
Castabillty 

Mechanical  Properties  (avg .  of  5  mini bars) 

a  ,  psi 
m  ' 

e  ,  % 

m’ 

% 


b’ 


psi 


Sensitivity 

Impact,  cm/2-kg  wt, 

50%  pt  (BuMines  apparatus) 

Uncured 

Cured 

DTA,  °F,  Exotherm  Onset, 

Uncured 

Cured 

Exotherm  Peak 

Uncured 

Cured 

Ignition , 

Uncured 

Cured 

Rotary  friction,  gin  at  3000  rpm 

Uncured 

Cured 

Swelling  Ratio,  (H/SLQ)^ 


31B 

31C 

31D 

33B 

10.46 

10.46 

10.46 

10.47 

5.23 

5.23 

5.23 

5.23 

5.23 

5.23 

5.23 

5.23 

0.12 

0.12 

0.12 

0.12 

0.82 

0.8? 

0.82 

0.82 

0.05 

0.03 

0.05**  0.02 

0.1 

0.1 

0.1 

0.1 

3 

7 

7 

5 

63 

52 

44 

.  55 

Poor 

Poor 

Poor 

Fair 

116 

95 

86 

83 

22 

22 

23 

22 

24 

24 

25 

24 

635 

516 

442 

453 

9 

9 

10 

9 

11 

300 

310 

323 

313 

320 

412 

418 

411 

- 

411 

— 

- 

- 

412 

600 

965 

2200 

1900 

2100 

3.51 

- 

- 

- 

HMX-A  ■ 

(ctd) ,  16 

wt%  HMX 

-E,  15.5 

** 


wt%  J 30um  AP  (ctd)  ;  70-gm  batches. 
Dibutyltin  dilaurate 
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comparison  of  properties  may  not  be  valid.  Other  work  which  should 
provide  this  data  is  in  progress. 

D.  PROPELLANT  AGING  STUDIES  (U) 

(C)  In  the  absence  of  d  l-j  with  SYFO,  a  preliminary  small-scale 

Company- sponsored  aging  study  with  PCDE/FEFO  propellant  is  reported, 
this  study  was  made  to  obtain  an  early  assessment  of  potential  problems. 
Definite  gassing  was  observed  in  a  propellant  after  six  weeks  at  135°F, 

Shore  A  hardness  changed  from  14  to  27,  and  swelling  ratio  increase  7.27; 
there  was  little  change  in  hazard  characteristics. 

v0)  This  propellant  contained  0.1%  Neozone  D  antioxidant.  It 

seemed  of  interest  to  evaluate  other  promising  antioxidants  under 
development  on  another  KKEO-propel lant  system.  Two  propellants,  one  contain¬ 
ing  0.2  wt2  of  a  resorcinol-type  free-radical  stabilizer.  Batch  No. 

7696-b4A,  and  the  other  0.1  wt 2,  free-radical  stabilizer  +  0.1  wt%  acid 
scavenger  (a  sulfonamide).  Batch  No.  7696-64B,  were  wrapped  in  aluminum 
foil  and  aged  68  days  at  13  5  °  F .  Thermocouples  were  inserted  in  each 
sample  and  monitored  for  exotherm;  none  was  detected.  Neither  sample  lost 
any  significant  weight.  Batch  64A  had  definite  fissures,  and  Shore  A 
hardness  decreased  from  36  to  2b.  Swelling  ratio  decreased  2.0%,  ana 
modulus  decreased  from  391  psi  to  17/  psi.  Fissuring  in  sample  b4B 
appeared  much  less  severe,  all  hough  Shore  A  hardness  decreased  from  31  to 
36.  Here,  again,  swelling  ratio  decreased  1.03,  and  modulus  decreased 
from  926  psi  to  521  psi.  There  were  no  significant  changes  in  hazard 
properties  of  the  aged  propellants.  Tire  pertinent  data  are  tabulated 
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TABLE  XIX 

EFFECT  OF  MOLECULAR  SIKVE-TREATEl)  PCDE  ON  PROPERTIES  OF 
PCUE/FEFO  (1/1)  PROPELLANTS*  (U) 


Molecular  Sieve- 

Untreated 

Batch _No.  1323- 

Treated  PCDE** 

_PCD  E  _  _ 

16- A  ’ 

36-C  ' 

Shnre  A  Hardness 

4  A 

38 

Days  M  1 1 o °  K 

3 

4 

Mechanic  al  Propert  ies 

•••  ,  psi 
m 

i  , 

80 

7! 

21 

27 

v  * 

2  3 

30 

Eu.  psi 

4  VS 

3  37 

Hazard  Properties  (cured) 

Impact,  cm/.! -Kg  ut  ( AO./ 

f i re  pt ) 

8 

18 

Friction,  gm  0  JUDO  :  pm 

(.302,  file  pt) 

1  200 

2000 

DTA,  Exo'.  he  rm ,  °F 

Onset 

2  80 

113 

Ig:i  i  l  ion 

418 

418 

* "  ’  HMX/AP  0/1),  782.  solids,  loi  Al.O.nJ'  FeAA 
**  One  pass  through  1  5 A  ino I i*oi  1  .u  :iU'>.-cs 
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TABLE  XX 

PCDE/FEFO  PROPELLANT  AUINO  STUDY*  (U) 
68  days  0  135°K 


Batch  No.  7696- 

64A 

A  Red 

64B 

Control  Aged 

Weight,  gm  Before 

After 

54.7 

54.6 

54.4 

54.4 

Appearance 

Darker ; 

f  issures 

Darker;  incipient 
fissures 

Shore  A  Hardness 

36 

26 

51 

36 

Swelling  Ratio  (t/t  ) ^ 

7.  change 

-2.0 

- 

•1.0 

Mechanical  Properties  (>*  77°F 

o  ,  p  a  i 
m 

71 

39 

128 

90 

‘  m*  % 

22 

26 

18 

22 

Hi  *  % 

25 

28 

20 

25 

Eo.  Psi 

391 

1  77 

926 

521 

Hazard  Proper! ies 

Bureau  of  Mines 

Impact,  cm/' 2  kg  (50 Z  pt) 

19 

2! 

19 

14 

DTA  Exotherm, °F  Onset 

365 

357 

355 

35  7 

Peak 

410 

409 

41  3 

416 

Rotary  Friction,  gn  load 

1,1  3000  rpR’ 

■4  kg 

>4  kg 

s4  kg 

■<  37  50 

*  Propellant  Composition:  PCDE/FEFO  (J/l),  IMP,  and  11)1;  782  Solids:  A1  16a, 
IIMX/AP  (i/1)  64A:  0.22  free  radical  stabilizer;  64B:  0.12  free  radical 
stabilizer  +  0 .  1  7.  scavenger. 

**  Control  aged  68  days  it  ambient  temperature. 
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